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ABSTRACT 
The production of the antibiotic and ß-Lactamase inhibitor, clavulanic acid, 
by Streptomyces clavuligerus was studied in a range of synthetic media with 
defined nutrient limitation in shake flasks, bioreactor batch culture and 
chemostat culture. In batch culture, the highest specific production of 
clavulanic acid was achieved when phosphate was the growth rate 
limiting nutrient ( 0.030 g/g ). Under conditions of nitrogen limitation, the 
specific productivity was less than half that observed for phosphate 
limitation ( 0.013 g/g ). Both carbon limited and oxygen restricted culture 
failed to support clavulanic acid production. Optimum production of 
clavulanic acid in phosphate limited medium was observed when the pH 
was 6.5. 
Supplementation of the phosphate limited synthetic medium with the amino 
acids arginine, glutarrmine, ornithine and serine significantly affected 
production of clavulanic acid in shake flask culture ( 187%, 187%, 312% and 
238 % increase in specific production over the control respectively ). Under 
conditions of phosphate limitation, addition of ornithine promoted the 
highest specific titre ( 0.024 g/g ) whilst in the presence of additional arginine 
this stimulatory effect was significantly reduced ( 0.0079 glg ). Under 
conditions of nitrogen limitation, the three carbon amino acid, serine 
promoted the highest specific titre of clavulanic acid ( 0.012 g/g ) whilst 
proline ( 0.082 g/g and arginine were the next best ( 0.0074 g/g ). 
Clavulanic acid production in chemostat culture under phosphate limitation 
suggested that growth rate was a significant factor in determining 
production. Cluster analysis of the intracellular pool of free amino acids 
indicated that a number of them were highly correlated with specific 
production rate of clavulanic acid. On this basis, a selection of these amino 
acids were fed to the culture resulting in a significant elevation of clavulanic 
acid titre. These results are discussed in relation to the biosynthetic pathways 
of clavulanic acid formation and the ability of amino acid production 
pathways to supplement these routes. 
Using a two stage chemostat it was possible to elevate specific production 
of ciavulanic acid in the second stage by effecting a shift in the culture 
growth rate. Under conditions of elevated ammonium chloride in ammonium 
chloride limited cultures, substrate inhibition growth kinetics were observed 
and estimates for the substrate inhibition constant and the substrate affinity 
constant were obtained using this system. The two stage chemostat was 
used to successfully counteract these inhibition kinetics and allow complete 
utilisation of the inhibitory substrate. 
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CHAPTER 1 
INTRODUCTION 
Chapter 1 
1.0 Introduction 
The social and economic importance of the genus Streptomyces is 
significant in human society. A plethora of pharmacologicaly active 
compounds, most often described under the umbrella of secondary 
metabolites, ( although not exclusively ) have been isolated from many 
species of Streptomyces and they now form the basis of many 
chemotherapeutic strategies. For a number of years this group of micro 
organisms has provided not only a valuable source of active compounds 
but also a source of inspiration for the imagination of synthetic chemists. 
Within the Actinomycetoles, the Streptomyces account for 
approximately 93% of reported secondary metabolite producing cultures 
( Bushell, 1982 ). Despite the obvious importance of this group, relatively 
little is known about the basic physiology of this genus. Research activities, 
fuelled largely by the competitive nature of the pharmaceuticals market, 
have been focused mainly on either the identification of strains 
producing novel active metabolites or on the development of over 
producers ( Fisher, 1988 ). As a consequence of this many of the basic 
aspects of their nutrition and physiology have been neglected. 
Antibiotics are often referred to as secondary metabolites and the initial 
concept of a" secondary metabolism ", first applied to microbiology by 
Bu'Lock ( 1961 has provoked much debate in the literature concerning 
not only the biosynthetic pathways involved but also the reasons for their 
existence. These areas have been extensively reviewed elsewhere ( see 
Zahner, 1979; Campbell, 1984; Vining, 1990 and Demain, 1995 ). Despite the 
significant progress made with the production and characterisation of these 
compounds the term secondary metabolite is still loosely applied to 
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microbial products which can be most accurately described as non 
essential to growth of the producer organism. Alternative suggestions for 
these molecules have included " iodiolites "( Walker, 1974 ) because 
they are formed during the idiophase of batch culture and much less 
specifically, " general " and " special " metabolites ( Martin and Demain, 
1980). 
Whilst the controversy over the name and their basic physiological function 
remains there can be little doubt about the intrinsic link between the 
products of essential primary metabolism and those of apparently non 
essential secondary metabolism. The substrates of the secondary metabolic 
enzymes are primary metabolites and the production of these metabolites is 
often triggered by nutrient limitations which affect the supply of primary 
metabolites such as amino acids and sugars. An overall study of 
Streptomyces physiology is potentially important in understanding secondary 
metabolism. 
One area which has been particularly poorly studied is the basic metabolism 
of amino acids in Streptomyces species and the role of amino acids as 
significant precursors remains a theme throughout this study. 
1.1 Secondary metabolism-concept and consequences 
Since the first isolation of active metabolites from soil micro-organisms, many 
authors have expended considerable energy in trying to explain the reasons 
behind their production. This has led to the organisms which are able to 
produce these metabolites being personified ( in terms of their being a 
specific reason or choice associated with their production) for the ability to 
synthesise compounds which coincidentally happen to be useful to humans. 
2 
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It would appear from the literature that a" carte blanche " has been 
extended to these theorists and the number of alternative ideas probably 
exceeds the number of organisms which produce these products ( see 
Zahner, 1979; Campbell, 1984; Vining; 1990 and Demain, 1995 ). Broadly 
speaking the theories fall into three major classes which include; 
" producer organisms release antimicrobials into the soil to negate the 
competition and thus secure the available substrate for themselves. 
" antimicrobials are intracellular triggers or stimuli for growth, division and 
sporulation and thus have a distinct physiological role. 
" antimicrobials act as extracellular agents in the scavenging of essential 
metal ions. 
Zahner ( 1979) proposed one of the most elegant explanations about the 
role of secondary metabolites that has become known as the " games room 
or playing field theory ". Zahner proposed that secondary metabolism 
provided a "playing field " for further biochemical development without 
damaging primary metabolism ( intermediary metabolism, regulation, 
transport, differentiation and morphogenesis and any advantages 
achieved as a result would become fixed into the organism genome, 
possibly becoming' essential. This itself could lead to the secondary 
metabolite becoming a primary metabolite. This theory and indeed many 
of the others have elements which are plausible and have been 
demonstrated to occur in the literature, but they still remain largely 
speculative. 
3 
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1.2 Effect of nutrient limitation on secondary metabolism 
1.2.1 Carbon cataboiite repression 
The delay of antibiotic synthesis until the exhaustion of a rapidly metabolised 
carbon source such as glucose has been widely reported in the 
literature ( Table 1.0 ). The effects these carbon sources exert on product 
expression have been alleviated by using either an alternative carbon 
source or feeding the cultures carbon at a rate matched by consumption, 
thus preventing its accumulation. 
Table 1.0 Carbon catabolite regulation of antibiotic biosynthesis ( after Martin and 
Demain, 1980 
Antibiotic Interfering 
Carbon source 
Non interfering 
carbon source 
Reference 
Actinomycin Glucose Galactose Gallo and Katz ( 1972 ) 
Bacitracin Glucose Citrate Haavik ( 1974a, 1974b ) 
Ce ham cin Glycerol As ara ine Aharonwitz and Demain ( 1978 ) 
Ce halos orin C Glucose Sucrose Demain ( 1963 ) 
Chloramphenicol Glucose Glycerol Smith and Hinman ( 1975 ) 
Kanamycin Glucose Galactose Basak and Majumdar ( 1973 ) 
Novobiocin Citrate Glucose Kominek ( 1972 ) 
Streptomycin Glucose Mannan Demain and Inamine ( 1970 ) 
This effect is not restricted to glucose. In Streptomyces clavuligerus, 
unrestricted glycerol and starch assimilation have been reported to repress 
cephamycin C synthesis ( Lebrihi et al., 1988 ), whilst novobiocin production 
in Streptomyces niveus is suppressed by rapid citrate assimilation ( Kominek, 
1972 ). In Streptornyces clavuligerus, the significance of the nutritional 
environment, in the form of the nature of the carbon source supplied, on the 
4 
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production of cephalosporin was reported as early as 1978 (Aharonwitz and 
Demain ). 
Direct carbon catabolite repression has been demonstrated in some 
instances with known enzymes of an antibiotic biosynthetic pathway. 
Examples of those which have been shown to be sensitive to carbon 
catabolite regulation are phenoxazinone synthase in the actinomycin 
producer Streptomyces antibioticus ( Gallo and Katz, 1972 ): 
deacetoxycephalosporin C synthetase in the cephamycin producer 
Streptomyces lactamdurans (Cortes et al., 1986) and isopenicillin N 
synthetase ( cyclase ) and deacetoxycephalosporin C synthetase in the 
cephalosporin C producer Cephalospori i acremonium ( Heim et al., 1984: 
Zangca and Martin, 1983 ). The mediation of streptomycin biosynthesis by 
glucose has been suggested to be due to regulation of the enzyme 
mannosidastreptomycinase, which converts inactive mannostreptomycin 
into active streptomycin ( Demain and Inamie, 1970). 
Much of the above can be explained in terms of the effect of some of the 
carbon sources on growth rate. In some instances, such as the effects on 
individual biosynthetic enzymes we, have additional, complicating, effects. 
1.2.2 Nitrogen Metabolite Regulation 
It has long been known from studies of enteric bacteria that ammonia or 
some other readily metabolised nitrogen sources can repress the enzymes 
involved in the use of other nitrogen sources. Ammonium ions and some 
amino acids have been reported to repress the synthesis of several 
secondary metabolites. Examples of this include the production of 
cephalosporins by Streptomyces clavuligerus ( Aharonwitz and Demain, 
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1979 and Brana et al., 1985 ), chloramphenicol production in Streptomyces 
venezuelae ( Westlake et al., 1968 and Shapiro and Vining, 1983 ), tylosin 
production in Streptomyces fradiae ( Masuma et al., 1983 ) and 
erythromycin production in Saccaropolyspora erythraea ( Flores and 
Sanchez, 1985). 
As an alternative to looking for nitrogen sources which did not repress 
production of cephalosporin by Streptomyces clavuligerus, Lubbe et al., 
( 1985) examined a way to control the delivery of the nitrogen source to the 
culture. Using a slowly dissolving polymer of ethylene-vinyl acetate 
containing ammonium chloride, production of the antibiotic approached 
the performance of L-Asparagine which proved to be the best single nitrogen 
source for production. 
Although the precise mechanism of these interactions remains unclear it is 
generally accepted that in most instances repression, rather than inhibition, 
of antibiotic synthesising enzymes is implicated ( See McDermott et a!., 1993 
and Wilson and Bushell, 1995). 
Studies by Magasanik ( 1974 ) into the mechanisms of nitrogen metabolite 
repression in the enterobacteria have strongly implicated the enzyme 
glutamine synthetase ( CS ) which appears to regulate the synthesis of 
enzymes such as nitrite reductase, nitrate reductase, arginase and 
extracel'iular proteases. 
Within the genus Streptomyces, the enzymes glutamine synthetase and 
alanine dehydrogenase have been implicated as playing a role in 
of CIW fok, C Syntie315 
ammonium repression" Addition of ammonium chloride to cultures of 
Streptomyces cattleya ( Paress and Streicher, 1985 )and Streptomyces 
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clavuligerus ( Brana et al., 1986 showing high glutamine synthetase levels 
resulted in a progressive reduction in the enzymes specific activity. In 
S. cattleya the levels of GS also varied according to the nature of the 
nitrogen source. 
It could be argued that the observed repressive effects are due to an 
interaction between ammonium and the enzymes of the antibiotic pathway 
itself. This is most likely not the case for ß-Lactam biosynthesis in 
S. clavuligerus since ammonium had no inhibitory effect in vitro on the 
enzymes cyclase, epimerase and expandase ( Brana et al., 1985 ), key 
enzymes in the formation of the cephalosporin. However, Kasarenini and 
Demain ( 1994 ) recently determined that the enzyme cephalosporin 
synthase is repressed by excess ammonium in the same organism. No 
mention is made of the effects on the enzymes involved in clavulanic acid 
biosynthesis although it is only recently that they have begun to be identified. 
Whilst a high level of glutamine synthetase activity also occurred with a 
high level of production of cephalosporins in Streptomyces clavuligerus 
( Aharonwitz and Demain, 1979 ), the opposite was true with nourseot'hricin 
production by Streptomyces noursei ( Grafe et a!., 1977 ). Recent studies 
with S. clavuligerus have indicated, however, that the regulation via 
glutamine synthetase is not as clear cut as the literature would suggest. 
Auxotrophic mutants of Streptomyces clavuligerus, deficient in Blutamine 
synthetase and alanine dehydrogenase were still sensitive to the nitrogen 
regulation of cephalosporin biosynthesis ( Bascaran et a!., 1989a, 1989b ). A 
recent paper by Kasarenini and Demain ( 1994 ) has suggested that the 
interference in cephalosporin production by growth in ammonium salts 
involves synthase inhibition by intracellular alanine in S. clavuligerus. This 
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phenomenon is in addition to the known role of ammonium in synthase 
repression. 
Kominek ( 1972) reported proline utilisation was delayed in the presence of 
ammonium in Streptomyces niveus but not in Streptomyces venezuelae 
( Shapiro and Vining, 1985 ). In the latter species, ammonium prevented 
nitrate utilisation but no nitrogen control of nitrate reductase was 
observed ( Shapiro and Vining, 1984 ). However, ammonium did not repress 
the enzymes involved in proline utilisation in S. clavuligerus ( Basacaran 
et al., 1989b since neither praline dehydrogenase nor praline consumption 
were affected. Valine dehydrogenase was repressed by ammonium 
in Streptomyces fradiae ( Omura and Tanaka, 1985 ) but not in 
Streptomyces aureofaciens ( Vancurova et al., 1988 ). In 
Saccharopolyspora erythroea ( Potvin and Peringer, 1994 ) it has been 
shown that even similar nitrogen sources can have significant effects on 
titre. High initial concentrations of ammonium sulphate reduced the final 
erythromycin production yield whilst high concentrations of ammonium 
nitrate enhanced the production yield. 
Clearly, there is still a considerable gap in our understanding of the 
mechanisms involved in nitrogen catabolite repression. The many conflicting 
reports in the literature would also suggest that no absolute mechanism 
could account for all the different interactions observed and the regulatory 
systems that respond to the levels of nitrogen are yet to be determined. 
1.2.3 Phosphate regulation 
Phosphate appears to be a crucial growth-limiting nutrient in many 
antibiotic cultures ( Martin and Demain, 1980 ). Concentrations ranging from 
8 
Chapter 1 
0.3 - 300 mM generally support extensive cell growth, but concentrations of 
10 mM and above provide conditions in which the synthesis of many 
antibiotics does not take place ( Martin, 1977 ). Weinberg ( 1974 ) 
suggested that in most secondary metabolite producing cultures the best 
product yields are obtained at4phosphate concentration sub optimal for 
growth. 
A wealth of data is available indicating the importance of organic and 
inorganic phosphorus in secondary metabolism spanning many different 
antibiotics ( Table 2.0 ). The negative effect of phosphate on the 
production of cephamycin by Streptomyces clavuligerus ( Aharonwitz and 
Demain, 1977 ), streptomycin by Streptomyces griseus ( Inoue et al., 1982), 
thienamycin by Streptomyces cattleya (Lilley et al., 1981 ) and vancomycin 
by Streptomyces orientalis ( Mertz and Doolin, 1972 ) have also been 
demonstrated. 
Table 2.0 Antibiotic processes which are inhibited by phosphate ( taken from Martin, 
1977 p 107) 
Antibiotic Producer strain Range of inorganic 
orthophosphate permitting 
production ( niM ) 
Actinomycin Stre tom ces antibioticus 1.4 - 17 
Bacitracin Bacillus licheniformis ormis 0.1 -1 
Chlortetracycline Stre tom ces aureofaciens 1-5 
Cycloheximide Stre tomyces griseus 0.05 0.5 
Kanamycin Stre tom ces kanam ceticus 2.2 - 5.7 
Ny statin Stre tomyces noursei 1.6 - 2.2 
Novobiocin Stre tom ces niveus 9- 40 
Oa etrac line Stre tom ces rimosus 2- 10 
Tetracycline Stre tomyces aureofaciens 0.14 - 0.2 
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The mechanisms of phosphate repression of secondary metabolite 
production are thought to proceed in a similar way to those observed for 
nitrogen metabolite regulation. The suppression of biosynthetic enzymes has 
been reported for the tetracyclines ( Behal et al., 1979 ) whilst inhibition of 
pre - existing enzymes has been reported for streptomycin ( Walker and 
Walker, 1971 ) and neomycin (Mlajumdar and Majumdar, 1971 ). 
Despite the prevalence of phosphate repressed antibiotic induction the 
intracellular mediators of this system are still largely unknown. The suggested 
mechanisrnshave been extensively reviewed by Martin ( 1977 ). A number of 
hypotheses have been proposed to explain a phosphate limited promotion 
of antibiotic production including; 
9A phosphate induced shift in carbohydrate catabolic pathways 
favouring glycolysis 
" Phosphate limited induced synthesis of inducer molecules of the 
antibiotic pathway 
0 Phosphate inhibition or repression of phosphatases necessary for 
antibiotic synthesis. 
High phosphate levels inhibition of formation of antibiotic precursors 
Phosphate supply to the cell is known to affect the organism ability to 
generate energy to fuel its metabolic demands. Adenosine triphosphate 
( ATP) has been postulated as an effector molecule in Streptomyces griseus, 
where addition of 10 mM phosphate caused a rapid doubling of intracellular 
ATP prior to inhibition of antibiotic synthesis ( Martin and Demain, 1976 ). In this 
organism, the increase in adenylate energy charge, which has been 
speculated to be a significant factor, was only slight ( 0.80 - 0.85 ) and 
deemed by the authors to be insignificant. The supply of ATP for amino acid 
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activation has been proposed to be a potential effector signal for the growth 
rate linked antibiotic production by Saccharopolyspora erythraea and 
Streptomyces hygroscopicus (Wilson and Bushell, 1995 ). 
1.2.4 The future 
All living cells are under a continual selective pressure from the environment 
to regulate their biochemical pathways in response to changes in 
parameters like nutritional status, pH and temperature. It is these intricate 
and rapid responses that can allow organisms to dominate particular 
ecological niches or perhaps more importantly, ultimately determine the 
survival of their genes. The reports surrounding the control of secondary 
metabolism serve to demonstrate that the underlying mechanisms are far 
from being understood. Indeed, the myriad of metabolic interrelationships 
and their intrinsic link to the formation and degradation of cellular products 
may remain a cloudy ether in which scientists can only hope to catch the 
briefest of glimpses. There is still however hope that the clouds will clear long 
enough for us to gain a better picture of the physiological events which 
induce antibiotic production. 
1.2.5 Unifying regulatory mechanisms 
McDermott et a{., ( 1993 ) established that the kinetics of erythromycin 
production were dependant on the identity of the growth rate limiting 
nutrient during batch culture of Saccharopolyspora erythraea. A 
physiological explanation of these results was provided by Wilson and Bushell 
( 1995 ) who examined changes in protein synthesis rate and its coincidence 
with antibiotic production in both Saccharopolyspora erythraea and 
Streptomyces hygroscopicus. They concluded that antibiotic production 
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required a down-shift in growth rate which resulted in a decrease in protein 
synthesis rate. This latter parameter responded differently to the different 
nutrient limitations which corresponded with the different antibiotic 
production kinetics in these media. The effects of the down regulation of 
growth and protein synthesis rate as effectors for antibiotic production have 
been further evaluated by Lynch and Bushell ( 1995 ) using a cyclic fed 
batch culture system. In their study, a continual and varied change in the 
growth rate resulted in enhanced antibiotic production compared to batch 
culture. Moreover, this effect appeared to be affected by the magnitude of 
the shift in growth rate. 
1.3 Regulation of antibiotic production by growth rate- the role of continuous 
culture. 
As an experimental tool, continuous culture has proved to be an invaluable 
aid in identifying some of the physiological triggers that control the 
production of many products but also the basic physiology of microbial 
growth. This has been due to the ability to produce stable environmental 
conditions in which one single parameter could be altered and its effect 
studied. 
There still remains however, a number of technical considerations which 
have almost certainly restricted its application to industrial scale production 
processes, where it has largely been ignored. These problems include the 
selection of non producing and altered morphology mutants during 
cultivation since the selection pressures against the less competent 
organism are considerable. The selection of non producing mutants of 
Streptomyces during continuous culture has been widely reported ( Bartlett 
and Gerhardt, 1959; Reusser, 1961; Sala and Westlake, 1966; Shu, 1966 and 
12 
Chapter 1 
Roth and Noack, 1982 ). This itself has lead to an inherent incompatibility 
between classical strain improvement by means of genetic manipulation 
and process improvement by the application of continuous culture 
techniques (Tempest and Wouters, 1981). 
A continuous production process itself induces problems of a continuous 
recovery of the product in the downstream processing stages, a process 
which has almost always been geared to bulk recovery from batch or 
extended batch ( fed-batch ) cultures. The application of continuous culture 
to the industrial scenario is not limited by current bioreactor technology or 
the availability of suitable pumps and so other parameters like culture 
instability and process operation must be responsible for restricting its use 
commercially. For these reasons, it seems that continuous culture will remain 
a tool confined to the research laboratory. 
1.3.1 The Chemostat 
The continuous culture of micro-organisms involves the continuous supply of 
fresh substrate to a culture, originally grown in batch, with the continuous 
removal of spent medium and culture fluid at the same rate. Eventually a 
steady state equilibrium is reached in which biomass and substrate are 
constant as growth is balanced by wash out and specific growth rate is 
limited by the concentration of a single medium component. The 
mathematical expression of these parameters is considered later in this 
chapter ( see Section l .4). 
Continuous culture has been extensively used for physiological studies of 
fungi and has been used to determine growth parameters like maximum 
specific growth rate and yield coefficients. However, growth and 
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secondary metabolism of Actinomycetes in continuous culture has received 
rather less attention and is rarely reported ( Table 3.0 ). 
Table 3.0. The occurrence of the continuous cultivation of Streptomyces species as 
documented in the literature. 
Or anism Antibiotic Author 
Stre tom ces niveus Novobiocin Reusser ( 1961 ) 
Stre tom ces aureofaciens Chlortetracycline Sikyta et al., ( 1961 ) 
Stre tom ces radiae Tylosin Gray and Bhuwa athana un ( 1980 ) 
Stre tom ces cattleya Ce ham cin, thienamycin Lilley et at, ( 1981 ) 
Stre tom ces griseus Streptomycin Inoue et al., ( 1982 ) 
Stre tomy ces rimosus O etra cline Rhodes ( 1984 ) 
Stre tom ces clavuligerus Ce ham cin C Lebhrihi et al., ( 1988 ) 
Some of the earliest reports of the production of tetracycline antibiotics in 
continuous culture ( Sikyta et a/., 1961 ) suggested the importance of this 
technique as a means of controlling antibiotic production through growth 
rate. Whilst this work almost certainly helped instigate studies into the link 
between growth rate and production, the nature of the growth limiting 
nutrient in this study was not made clear since complex media were 
employed. 
The bulk of the findings from continuous culture studies on antibiotic 
production have shown that optimum specific production rate is obtained at 
low dilution rates ( i. e. Vow growth rates ). Since antibiotic production was 
often observed to begin as growth rate declined ( stationary and decline 
phase ) this was interpreted to mean that the two processes are 
incompatible and antibiotic production proceeds at near zero growth rates. 
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Many studies support this basic observation and these include studies by Pirt 
and Righelato ( 1967 ) on penicillin formation, Gray and Bhuwapathanapun 
( 1980) and Vu-Trong and Gray ( 1982) on tylosin formation and Lilley et al., 
( 1981) on cephamycin C and thienamycin production. Lilley et al., ( 1981 ) 
revealed a growth rate mediated control of cephamycin C production by 
Streptomyces cattleya and using chemostat culture identified the optimal 
growth limiting nutrient ( phosphate) for thienamycin production. Gray 
and Bhuwapathanapun ( 1980) revealed that increases in the dilution rate 
( growth rate ) resulted in the decrease of the specific rate of tylosin 
synthesis but increased uptake rates of glucose, sodium glutamate and 
inorganic phosphate. In a lat er paper, Vu-Trong and Gray ( 1982 ) 
speculated that the observed increase in specific growth rate repressed 
the activity of key biosynthetic enzymes due to this increased influx of 
nutrients to the cell. The intracellular adenylate pool was speculated to be 
an effector of gene expression of tylosin synthesis. 
Rhodes ( 1983 ) identified specific growth rate as a significant regulator 
of oxytetracyc{ine production in Streptomyces rimosus but reported 
antibiotic production was growth associated. Similar reports were made by 
Inoue et al., ( 1982 ) for streptomycin formation by Streptomyces griseus 
grown in glucose or phosphate limited chemostat cultures. Indeed, the 
published literature on growth-productivity relations of secondary 
metabolites in chemostat culture reflects a range of behaviour. 
Chlortetracycline production by Streptomyces aureofaciens was found to 
be growth linked in both C-limited and N-limited chemostat culture ( Sikyta et 
al., 1961 ). Erythromycin formation in Streptornyces erythraeus increased with 
increasing growth rate, indicating a strongly growth associated production 
of the antibiotic (Trilli et al., 1987 ). 
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In the fungi, Gibberellin production by Gibereila fujikuroi was negatively 
correlated with growth rate in a glycine limited medium in the growth rate 
range, 0.01- 0.07 h-1, whereas the bikaverins reached a maximum at 0.05 hrl 
and decreased with increasing growth rate ( Bu'Lock et a!., 1974 ). 
Penicillin G production in glucose limited cultures of Penicillium chrysogenum 
was found to be independent of specific growth rate above a critical 
value of 0.01-0.04 h- 
1( Pict and Righelato, 1967 ), and in a similar study, but 
using pelleted cultures of Penicillium chrysogenum a strict dependence of 
specific productivity on the net growth rate of the culture was found. 
Production kinetics showed strongly growth associated production of 
penicillin upto 0.02 h-1 ( Wittier and Schugerl, 1985 ). Cephalosporin C 
production in Cephalosporium acremonium was found to decrease with 
increasing growth rate by Matsumura et al., ( 1978) but growth associated 
production was reported by Kuenzi ( 1980). 
Where differences in the production kinetics are reported for the same 
organism, variations in strain and or medium can completely alter the 
growth-productivity relations of a given secondary metabolite. 
1.4 Kinetics of microbial growth 
1.4.1 Batch culture (Tempest, 1970 ) 
A characteristic sequence of events occurs when microbial cells are 
inoculated into a nutrient medium and exposed to conditions favourable to 
growth. These events collectively form what is termed the growth cycle, 
which is composed of four stages. The sequence of events has been 
analysed in detail by Monod ( 1949 ). The individual growth phases arise from 
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sequential physiological states which dynamically change in time but remain 
independent of it. Thus the culture has a developmental history. 
An initial lag phase, of variable duration depending upon the physiological 
state of the cells and the environment, is followed by a period of rapid 
growth. During this phase of rapid growth, termed the exponential phase, 
the culture biomass concentration doubles at a relatively constant rate as 
the components of the medium are metabolised and cellular pathway end 
products are excreted into the medium. Changes in the external 
environment as a result of this growth give rise to the final two stages in the 
cycle. The stationary phase and the death / decline phase occur since 
growth can no longer be maintained due to either the depletion of nutrients 
or the formation of extreme conditions. Growth of the culture no longer 
proceeds at a maximum rate and thus remains static since it is balanced by 
autolysis. At this stage the mycelia are still viable and production of 
secondary metabolites often occurs at this point. In the death phase, the 
minimal cell requirements ( maintenance energy )are not met and 
autolysis dominates. 
The relatively constant doubling of biomass during the exponential phase 
can be described mathematically. Thus if the initial concentration of 
organisms is x, then 
dx 1 
p=-0- (1 ) 
dt x 
where µ is the specific growth rate constant and t is time. 
The specific growth rate is significantly affected by the concentration 
of essential nutrients in the medium and thus a decrease in the 
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concentration of one such nutrient results in a corresponding decrease in 
specific growth rate. 
The relationship between growth rate, µ, and the substrate concentration, s, 
was shown by Monod ( 1949 ) to be equivalent to the Michaelis-Menten 
type function used to describe enzyme kinetics; 
/JrnaxS 
K±s (2) 
where -'max is the maximum value of µ when s, the substrate concentration, 
is no longer growth limiting and KS is the saturation constant or substrate 
affinity constant. This is numerically equal to the growth limiting substrate 
concentration at 0.5 µmax " Thus in the exponential phase of a batch culture, 
sufficient nutrients should be present to allow the organism to grow at the 
growth rate equal to µmax. 
1.4.2 Chemostat culture 
In chemostat culture the population is compelled to multiply under constant 
environmental conditions in a steady state ( Ricica, 1968 ). Dilution rate is the 
factor which controls the physiological state and since this is not dependant 
on preceding growth rate, unlike a batch system, the culture has no history 
of changing conditions. 
Irrespective of the nature of the organism, all chemostat or continuous 
cultures start out as batch cultures in that the organism is inoculated into a 
vessel containing medium and allowed to grow as described above. The 
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method requires the continual addition of fresh medium to a culture with the 
continual removal of spent culture and medium at the same rate. If this 
process is achieved, eventually an equilibrium or steady state is established 
in which biomass and substrate concentration are constant, growth is 
balanced by wash out and specific growth rate is limited by a single nutrient 
component. The steady state specific growth rate is therefore described by 
the Monad equation (2). 
The increase in biomass, x, is given by the biomass balance which over an 
infinitely small time interval dt is given by 
V"dx = V, ux-Fx'dt (3) 
For a chemostat in the steady state where the volume V is constant, dividing 
by V becomes 
dt = 
ýN- D)x 
(4) 
where µ is the specific growth rate, D the dilution rate. In the steady state, 
where dx/dt is equal to zero then 
u=D (5) 
and since D is equal to flow rate (F) divided by Volume (V ) specific growth 
rate µ also equals flow rate F. 
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1.4.3 Critical dilution rate 
In the chemostat environment, there are three possible outcomes for a 
culture in which growth rate is limited by substrate concentration. Firstly, if 
the rate of removal of biomass exceeds the rate of growth ( i. e. µ<D ) the 
biomass concentration will decrease. Secondly, the initial rate of wash out is 
less thn. n the maximum growth rate. This causes an increase in culture 
biomass and an unstable steady state, since it is perturbed by conditions 
which affect biomass and substrate concentrations. Finally, the rate of wash 
out equals the maximum specific growth rate and culture achieves a stable 
steady state. 
Thus the growth rate of the organism can be controlled within certain limits 
to any desired level. The specific growth rate cannot however be made to 
exceed 'max and thus steady state conditions cannot be obtained at 
dilution rates above a critical level (Dcrit ) which equates to nearly µmax. 
Whilst there is clearly a maximum specific growth rate, the existence of a 
minimum growth rate remains a source of speculation but seemsfikely since 
there must be a finite rate at which cellular metabolism ( synthesis of 
essential materials ) can proceed without the death of the organism 
occurring. It has been suggested that atypical behaviour is displayed at very 
low growth rates. It is at these low substrate concentrations that deviations 
from the Monod model occur as a greater proportion of the available 
substrate is used for processes necessary for cell maintenance ( Prosser and 
Tough, 1991 ), although they have provided no alternative equations. 
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1.4.4 Two stage chemostat 
A two stage chemostat consists of a chain of two chemostats in series, thus 
allowing a range of growth rates and conditions to be generated in each 
stage. The most important feature of a two stage system is that the continual 
transfer of culture from the first to second stage means there is no critical 
dilution rate for the second vessel and so it cannot be "washed out". The 
construction of a two stage system is shown below ( Figure 1.0 ). 
Figure 1.0 Diagrammatic representation of a two stage chemostat ( after Pirt, 1975 ). 
The symbols F, V, x and s represent respectively the flow rates, culture volumes, 
biomass and growth limiting substrate concentration. Additional details are 
provided below. 
Xl F02 S 02 
X2 
The mathematical description of the two stage is based on that of Pirt 
( 1975 ). Let Fp = rate of flow of medium to stage 1; F12 = rate of flow of 
culture from stage 1 to stage 2; F02 = rate of flow of medium to stage 2 and 
culture volumes are V, and V2 respectively. The overall dilution rate in the 
second stage ( D2 is the sum of the flows into the vessel - 
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where D02 and D12 are termed partial dilution rates. 
LL (6) D2 
= 
FO2+F12/V2 
=F02 
/ V2+FI2 / V2 
=L 02 
+ D12 
The biomass balance in the second stage during the time interval dt is 
dx2 
=1U2X2+D12X1-D2x2 
dt (7) 
where x1 and x2 are the biomass concentrations in the first and second 
stages. In the steady state, dx/df equals 0 and thus 
(p2-D2)x2+D12x1 =0 (8) 
hence 
P2 = 
DZ 
- 
DI2XI / x2 
ý9ý 
1.5 Application of multi stage chemostats 
W'hilst the literature contains numerous reports on the application of multi 
stage chemostats to bacterial cell cultivation there are no reports of the 
cultivation of Streptomyces sp. in such a system. 
One area which has received considerable attention is the utilisation of two 
stage chemostats to determine the effect of dilution rate and growth rate 
on the genetic stability and performance of cultures of recombinant 
Escherichia coli (Jannasch and Mateles, 1974: Siegel et al., 1985: Lee et a!., 
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1988: Park et a!., 1990: Hortacsu and Ryu, 1991: Fu et al., 1992: Togna et a!., 
1993 ). The full capacity to generate two separate environments in the two 
stage system was exploited by Hortacsu and Ryu ( 1991 by running the 
vessels at different temperatures. In the first stage, the temperature was 
maintained at less than 37°C to promote growth whist the second stage 
was operated at >39°C. This promoted a greater piasmid stability in the 
second stage and an increase in the plasmid replication rate. Park et al., 
( 1990 ) determined the optimum growth rate in the second stage for 
product expression of the cloned gene product trp a. 
Brown et al., ( 1985 ) used the second stage of a two stage chemostat to 
increase the production of recombinant human leukocyte interferon in E. coli 
by adding ampicillin to induce cell lysis. Maximum product expression was 
achieved with a growth rate shift of 0.3 h-I to 0.1 h-1 and a temperature shift 
of30°Cfo25°C. 
Multi stage chemostats have also been used to study many aspects of 
microbial ecology such as sequential catabolism, nutrient gradients and 
sediment ecosystems ( Wimpenny , 198 
), as well as interspecies 
interactions and product formation in a landfill ecosystem ( Coutts et al., 
1987 ). The use of multi stage systems to study anoxic metabolism has been 
recently reviewed by Parkes and Senior ( 1987 ). Continuous production of a 
number of industrially important products have also been described. These 
include the enzyme a-amylase ( Rutten and Daugulis, 1987) and ammonium 
lactate from whey permeate (Mulligan et al., 1991 ). 
Clearly multiple stage chemostats have become powerful tools to 
investigate events that are related to or controlled by growth rate, but 
realistically, they can be prone to the same drawbacks as single stage 
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chemostats. The most attractive features of the multiple stage system are the 
lack of a critical dilution rate for the second stage as well as the ability to 
generate different physiological environments in each of the stages. Ricica 
( 1968 ) proposed that these multiple stage systems were well suited to 
providing environments in which to study growth in excess substrates and 
this work describes the use of such a system for the cultivation of 
Streptomyces clavuligerus. In addition, the effect of feeding potential 
antibiotic precursor molecules to the second stage and their effect on 
growth rate was studied. 
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1.6 Streptomyces clavuligerus : characteristics 
Isolated from a South American soil sample, Streptomyces clavuligerus 
( ATCC 27064, NRRL 3585 ) was first described and named by Higgens and 
Kastner ( 1971 ). The name given to the organism described the spore 
bearing structures ( L. fem. n. clavula little club: L. suffix -igerus bearing ) 
which appeared as one to four spores borne on short club shaped hyphal 
branches. 
There were several features, concerning the nutrition and biochemistry 
which made this particular Streptomycete an unusual find. In addition to the 
nature of the spore bearing structures the new species was found to 
produce five antibiotics of the ß- lactam class. The most significant of these 
was the commercially important ß-lactamase inhibitor, clavulanic acid 
( Howarth et al., 1976, Reading and Cole 1977 ). This compound possessed 
3R, 5R stereochemistry ( Brown et at. 1984 ) and was the first reported 
naturally occurring fused ß-lactam containing oxygen instead of sulphur and 
lacking in the 4t4y. ' omino-side chain present in both the Penicillins and 
Cephalosporins ( Figure 2.0). 
As well as being an important P-Lactamase inhibitor, clavulanic acid also 
displayed a weak antibacterial activity. When applied in conjunction with 
penicillins susceptible to ß-Lactamases it has been found to exert a marked 
synergistic effect against many ß-Lactamase producing micro organisms 
( Brown, 1986 ). Smithkline Beecham market a commercial preparation of 
amoxycillin and c'lavulanic acid under the name Augmentin in Western 
Europe and the USA. 
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Figure 2.0 The structure of clavulanic acid., Z- (2R, 5R )- 3-(ß -hydroxyethylidene )- 
7 -oxo - 4-oxa -1- azabicyclo -{3,2,0 } heptane -2- carboxylic acid. The molecule 
consists of a fused bicyclic nucleus comprising a ß-'lactam moiety and an 
oxazolidine ring. 
H 
OH 
o% 
H COOH 
Additional ß-Lactam molecules produced by S. clavuligerus ( Figure 2. Oa ) 
include deacetoxycep'halosporin C (2) ( Higgens et at., 1974 ), penicillin N 
(3) ( Higgens and Kastner 1971 ), cephalosporin C (4 ), cepharnycin C 
(5)( Nagarajan et a!., 1971, Stapley et a!., 1972 ) and an 0- carbQmyl 
derivative of deacetylcephalospori'n C (6 ). 
Figure 2. Oa ß-Lactam antibiotics produced by Streptomyces clavuligerus in addition 
to clavulanic acid. 
H HS CH3 
AAA-N OOC-CH- CH--CO-NH CH 
NH H3 ""ýr 
0 CH 333OH C00 
COON 
Deacetoxycephalosponn C (2) Penicillin N(3) 
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Figure 2. Oa cont. ß-Lactam antibiotics produced by Streptomyces clavuligerus 
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Other studies have isolated additional active metabolites from S. clavuligerus 
which include Holomycin (7) (Okamura et al., 1977) and MM 19290 ( Kenig 
and Reading, 1979 ), a metabolite related to Tunicamycin (Takatsuki et al., 
1971 produced by Streptomyces lysosuperificus. 
NHCH o 
S. 
ý/ No 
Holomycin (7 ) 
Brown et al., ( 1979) reported an anti fungal activity for 3 ciavulanic acid 
analogue antibiotics, Clava m-2-carboxylic acid (8), 2-Hydroxymethyl- 
clavam (9) and 2-Formylomethyl-clavam (10) produced by S. clavuligerus. 
Both Preuss and Kellett ( 1983) and Evans et al., ( 1983 ) also described a 
c'lavam antibiotic designated Ro 22-5417 (11 ) which was shown to be an 
inhibitor of methionine biosynthesis ( Figure 2. Ob ). 
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Figure 2-Ob Structural analogues of the ß-Lactamase inhibitor clavulanic acid 
produced by S. clavuligerus. 
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Whilst it has been suggested that the expression of these products is 
dependant largely on the nature of the medium used ( Kenig and Reading, 
1979 ) c'lavulanic acid co-occurs in Streptomyces clavuligerus with the 
clavam metabolites 8,9 and 10 ( Brown et al., 1979 ). The simultaneous 
presence of both cephamycin C and clavulanic acid in the same culture 
has been reported ('Romero et al., 1988 ). 
In addition to the diversity of metabolites produced by S. clavuligerus, it is 
unusual in that it is unable to utilise glucose as a sole carbon source 
( Higgens and Kastner 1971, Aharonwitz and Demain, 1978, Wei-Shou et a/., 
1984, Vining et al., 1987 and Garcia-Dominguez, 1989 ) but able to 
metabolise starch, maltose, glycerol and some organic acids ( Aharonwitz 
and Demain, 1978 ). Table 4.0 summarises the carbon requirements of 
S. clavuligerus. 
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Table 4.0 Utilisation of various carbon compounds by S. clavuligerus as reported in 
the literature. A. Higgens and Kastner ( 1971) B. Aharonwitz and Demain ( 1978) C. 
Wei-Shou et al., ( 1984) D. Vining et al., ( 1987 ) E. Garcia - Domiguez et al., 
( 1989 ). symbols: -, no utilisation, + positive utilisation 
Carbon Source A B C D E 
Acetate - - 
L-Arabinose - - 
Cellobiose - 
Citrate - - 
Cellulose - 
Fructose - - 
Fumarate - 
D-Galactose - - 
D-Gluconate + 
Glucose - - - 
Glycerol + + + 
a, -keto lutarate + - 
Lactose - - 
D-Mannose - - 
Malate + - 
Maltose + + + + 
Mannitol - - 
Melezitose - 
Pyruvate - 
Raffinose - 
D-Ribose - 
Rhamnose - 
Starch + + 
Succinic acid + + 
Sucrose - 
D-Xylose - 
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1.7 Biosynthesis of clavuianic acid -a case of mixed biogenesis 
Comparatively little is known of the pathway which leads to the production 
of clavulanic acid. Despite the structural analogy between clavulanic acid 
and the penam metabolites ( e. g. Penicillin ) it has been shown that they are 
not derived from common precursors. The commercial importance of 
clavulanic acid has, to some extent, restricted the literature available 
surrounding its biosynthesis. The patent for production of clavulanic acid is 
currently held by SmithKline Beecham and much of the information that is 
available is based on incorporation studies carried out by them. 
Whilst there is little speculation into the origins of the ß-Lactam portion of the 
molecule, the oxazolidine moiety's origins have been the subject of more 
speculation. The following pages represent a survey of the literature to date 
and a discussion of the biosynthetic pathway so far elucidated. 
1.7.1 The origin of the C3 (ß-lactam ring ) of clavulanic acid 
Using 13C NMR, Elson and Oliver ( 1978) provided the first real evidence that 
a possible source of the p-lactarn carbons ( positions C5, C6 and C7) ( Figure 
3.0) was a glycolytic intermediate, and they proposed pyruvate. 
Figure 3.0 The position of the ß-Lactarn carbons, C5, C6 and C7 (") of ciavuianic 
acid 
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0 
OH 
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The results showed a direct and intact incorporation of 1,3 13C2-glycerol into 
the three ß-lactam carbons of clavulanic acid. The enrichments at C-5 and 
C-7 in conjunction with the 13C-13C coupling indicated that glycerol was 
incorporated directly without any intermediate rearrangement of the three 
carbons. Additional evidence to support the direct incorporation of glycerol 
is the observation that the hydrogen at the C-5 position of clavulanic acid is 
derived from a hydrogen attached to a terminal carbon of glycerol 
( Townsend and Ho, 1985a, Elson, 1988 and Basak et a!., 1990 - Figure 3.0a, 
and 3.0b) 
Figure 3. Oa A schematic diagram showing the intact incorporation of 
stereospecifically tritium labelled glycerol pro-] R (1 [3H]R, 2R )into clavulanic acid 
but not pro-1 S form ( after Townsend and Mao, 1987 ). 
H3 
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HO OH 
OH 
pro-1 R glycerol 
3H 
HH 
HO OH 
OH 
pro- IS glycerol 
3H 
p ýOH 
O 
COOH 
Tritiated clavulanic acid 
p/ _OH 
ýUN 
COOH 
unlabelled clavulanic acid 
Additional experiments with 1-, and 2-, 13C-acetate yielded little information 
other than extensive metabolism of the acetate prior to enrichments due to 
the occurrence of labelled atoms across the molecule. This was noted by 
Stirling and Elson ( 1979 ) who commented that whilst it was normal practice 
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to determine percentage incorporation of labelled compounds, most 
labelled precursors were incorporated into clavulanic acid to some extent 
indirectly. This point is of supreme importance since it highlighted the problem 
associated with the interpretation of labelling studies and may account for 
the considerable inconsistencies in the derivation of the C5 moiety. 
In an attempt to compensate for the loss of labelled molecules through, for 
example the tricarboxylic acid cycle (TCA ), many experimenters carried out 
labelling studies in both a triglyceride medium and a glycerol medium and 
this became the basal medium for other studies. The rationale behind this 
was an attempt to control the carbon flux through the cell ( Elson and Oliver, 
1978 ). The intermediates of glycolysis are generated efficiently from glycerol 
and metabolism of these to phosphoenolpyruvate and thence acetyl-CoA 
supplies the TCA cycle directly ( Townsend and Ho, 1985a ). In the 
triglyceride medium however the TCA cycle is provided directly with acetyl- 
CoA from the ß-oxidation of fatty acids. From the point of view of improving 
the incorporation, this regime appears to have been reasonably successful 
since Elson ( 1981 reported 34-39% label incorporated into the ß-lactam 
carbons in the triglyceride medium compared with only 0.6-0.9% in the 
glycerol medium. 
Stirling and Elson ( 1979 ) also provided evidence to support the intact 
incorporation of glycerol into the three carbon skeleton of the ß-lactam ring. 
Following production of clavulanic acid obtained from cultures using 
uniformly labelled 14C a hydrated sodium salt was generated which was 
further degraded with benzylamine in methanol. This compound contained 
93-95% of the label present in clavulanic acid. The amount of label retained 
in the degradation products was in agreement with the distribution of 130 in 
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clavu'lanic acid derived from 2-13C-acetate or 1,3-13C2-glycerol as 
observed from 13C NMR produced by Elson and Oliver (1978 ). 
Townsend and Ho ( 1985a ) demonstrated derivation of the ß-Iactam 
carbons from D-giycerate. The incorporation of L and D [2-3H; 1-14C ] serine 
and [ [2-3H; 1-14C ] glycerate was more sensitive to increasing amounts of D- 
glycerate than L-serine, suggesting an important role for glycerate. The 
subsequent degradation of the intermediate of these incorporation's 
confirmed that D-glycerate was incorporated most highly at C-6 and less at 
C-5 and C-8, whilst serine resided mostly at C-8. 
However, reports which suggested that compounds like D-glycerate 
( Townsend and Ho, 1985a ), an intermediary between glycerol and 
clavu{anic acid, can be incorporated into clavulanic acid should have 
come as no surprise if the pathway of glycerol utilisation was considered. 
Other suggested precursors of the C3 moiety include ß-Hydroxypropionate 
( Gutman et al., 1985) but incorporation studies using this molecule were not 
carried out in either the triglyceride or glycerol based medium of the other 
experimenters. 
1.7.2 The origin of the C5 ( oxazolidine ring ) of clavulanic acid 
Much of the mystery regarding the biosynthetic pathway leading to the 
production of clavulanic acid stems from early inconsistencies in the 
literature concerning the origin of the C5, oxazolidine, moiety. Elson and 
Oliver ( 1978 ), using 13C-acetate, suggested that the five carbon skeleton 
( positions C-10, C-3, C-2, C-8, C-9, Figure 4.0 ) was derived from the 
tricarboxylic acid cycle via a-ketoglufarate. 
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Figure 4.0 The position of the five carbon units (C2, C3, C8, C9 and C 10 ") that form 
part of the oxazolidine ring structure of clavulanic acid 
H 
9 
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OH 
The presence of 13C-13C spin couplings between pairs of atoms C8-C2, C2- 
C3, C3-C10 and C5-C6 following the addition of DL-[3,4,13C2 ] glutarnic acid 
prompted Elson et al., ( 1982 to suggest that glutamate provided the 
oxazolidine skeleton of clavulanic acid. The C2-C8 pairing was believed to 
be obtained by direct incorporation of labelled glutamate whilst the other 
pairings where obtained through extensive non specific metabolism via the 
TCA cycle. 
Whilst Elson et al., ( 1982) proposed glutarnate as a direct precursor of the 
oxazolidine skeleton, glutamic acid has been shown to negatively affect the 
formation of clavulanic acid ( Romero et a!., 1986 ) during extended 
incubations in liquid culture and resting cell cultures. Poor incorporation of 
glutamic acid into clavulanic acid has also been reported by Townsend 
and Ho ( 1985b ) where only specific incorporation's of proline were lower 
than those observed with glutamic acid. This may reflect a preferential 
metabolism of glutamate, a valuable precursor of the amino acids 
glutarnine, proline and arginine. 
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Romero et al., ( 1986) diverted attention away from classical precursors like 
glutamate in favour of other five carbon compounds metabolically related 
to glutamic acid. Using both resting cell cultures and long term liquid 
cultures, the amino acids ornithine and arginine ( 5-20 mM concentration ) 
but not glutamine or proline were shown to exert a concentration 
dependant stimulatory effect on the biosynthesis of clavulanic acid. 
Interestingly, the addition of 10 mM ornithine inhibited cephamycin 
biosynthesis, whilst it doubled ciavulanic acid biosynthesis. This effect on 
cephamycin cannot be solely due to a diversion of precursor molecules to 
clavulanic acid biosynthesis since cephamycin is derived from different 
precursors ( via cysteine and valine through cephalosporin but probably 
represents an increased carbon flux of clavulanic acid primary precursors 
following inhibition of the cephamycin pathway. Alternatively, the increased 
energy available from the loss of cephamycin synthesis may be available for 
clavulanic acid synthesis to proceed. It is perhaps of note to point out that 
the interactions behind the production of these various related compounds in 
S. clavuligerus have not been studied in the literature. As a result, the 
controlling variables and interactions between the pathways are not clearly 
defined and at the present time the effects may be best described in terms 
of shift in pathway activity. 
Townsend and Ho ( 1986 ) proposed a direct precursory role for ornithine 
following a study made with chirally tritiated (2RS, 5R) and (2RS, 5S )-{5,3H } 
ornithine ( Figure 5.0 ). 
Their work demonstrated that the 5-pro (R) hydrogen and not the 5-pro (S 
of ornithine is retained in the biosynthesis of clavulanic acid ( cf. 
incorporation of pro-R tritiated glycerol and not pro-S into ß-Lactam 
carbons ). Degradation studies further showed that the incorporation of 
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the pro-( R) form occurred with an inversion of strereochemistry . The loss of 
one half of the tritium label from ( 2RS, 5RS )-{ 5,3H, U-14C } ornithine 
suggested that an aldehyde may have been an intermediate which when 
reduced would lead to the C-9 hydroxymethylene group of clavulanic acid. 
Figure 5.0 The incorporation of chirally tritiated pro-R ornithine into clavulanic acid 
occurs with an inversion of stereochemistry. Labelled pro-S ornithine was not 
incorporated ( Townsend and Ho, 1986 ). The heavily marked carbon atom 
represents the position of 14 C label. 
3H 
Hii, NH2 
HN COOH 
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3H 1' 
H 
p OH 
N 
O 
COOH 
tritiated clavulanic acid 
Valentine et al., ( 1993 ) have recently provided evidence to show that 
arginine and not ornithine is the amino acid processed into the clavulanic 
pathway. Using mutants auxotrophic for arginine it was demonstrated that 
ornithine has to be converted to arginine prior to incorporation into 
clavulanic acid. The mutants were specifically blocked in two enzymes 
which are required to convert ornithine to arginine: arginosuccinate 
synthase and ornithine carbgmyl Transferase. These mutants were unable to 
use ornithine for the production of clavulanic acid whilst the unblocked 
strain could ruse either arginine or ornithine 
implying that arginine is 
incorporated into clavulanic acid whilst ornithine has to be processed via 
the urea cycle. Further evidence for the importance of arginine comes 
from earlier reports by Romero et al., ( 1986 ) where a mutant blocked 
in clavulanic acid synthesis did not incorporate arginine into c'avulanic acid. 
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Thus, the immediate precursor molecules of clavulanic acid are glycerol 
( ß-Lactam carbons) and the five carbon amino acid arginine (oxazolidine 
ring ). The relative positions of these two components of c'iavulanic acid are 
shown in Figure 6.0. Only recently have the intermediates of the formation of 
clavulanic acid been identified and the rest of this chapter will focus 
attention on the mechanism and enzymes involved. 
Figure 6.0 A summary of the biosynthetic precursors of clavulanic acid. The final 
positions of the glycerol based ß-lactam ring and the arginine based oxazolidine 
ring are shown. 
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1.7.3. Formation the bicyclic nucleus of clavulanic acid 
In the previous section the origins of the two precursor molecules, of 
clavuianic acid, glycerate and arginine, were discussed. This section 
concentrates on the formation of the crucial bicyclic nucleus leading to the 
formation of clavulanic acid. In terms of our knowledge of the overall 
pathway, this portion is the most well understood. 
Using cell free techniques, similar to those used to demonstrate penicillin and 
cep'halosporin biosynthesis, cell free extracts of S. clavuligerus were used to 
elucidate the important formation of the first bicyclic intermediates in the 
biosynthesis of clavulanic acid ( Elson et al., 1987a ). When extracts were 
incubated aerobically in the presence of ferrous iron and a-ketoglutarate 
a new bicyclic P-Lactam, clavaminic acid was formed (Figure 7.0 ). 
Figure 7.0. The conversion of pro-clavaminic acid to clavaminic acid. The 
conversion was shown to be catalysed by the a-ketoglutarate dependant 
oxygenase, clavaminic acid synthase ( CAS ). 
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In addition, a novel monocyclic ß-Lactam, named pro-clavaminic acid, was 
also detected as was a dioxygenase enzyme. The structure of the 
monocyclic p-Lactam was confirmed by Baggaley et al., ( 1987) and shown 
to be the precursor of c'lavaminic acid. Using synthetically labelled materials 
both pro-clavaminic acid and c'iavaminic acid were confirmed to be 
converted through to clavulanic acid (Elson et al., 1987b ). The generation 
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of a clavulanic acid blocked mutant, dcl-8 by Elson et al., ( 1988 
added further evidence to confirm the precursory role of ciavaminic acid. 
This mutant accumulated three N-acyl derivatives of the ß-Lactam 
clavaminic acid in culture and subsequent studies using DL-{ 4-2H2,5-13C I 
ornithine it was found that both the carbon and deuterium label were 
incorporated into the N-acylglyclavaminic acid whilst only the carbon 
label was incorporated into clavulanic acid ( Bycroft et al., 1988 ). The 
explanation for this was that the remaining deuterium must be lost in the 
conversion of clavaminic acid to clavulanic acid. 
Purification of the dioxygenase which cyclises proclavaninic acid to give 
clavaminic acid was first achieved by Elson et al., ( 1987a and the Mr was 
reported to be between 47 000 and 49 200. The ferrous and a-ketoglutarate 
dependant oxygenase responsible for this transformation was named by 
them as clavaminate acid synthase ( CAS ). The enzyme has since been 
purified to homogeneity (Salowe et al., 1990) and been found to consist of 
two isoenzymes with similar molecular weights. The overall stoichiometry was 
determined to be 
Procl avami ni c acid +2( a-ketoglutatrate) +202 
clavaminic acid +2( succinate) +2 carbon dioxide +2 water 
Since the enzyme catalysing the cyclisation has a requirement for molecular 
oxygen, an elegant study was made by Krol et al., ( 1989) to confirm that 
the oxygen of the oxazolidine ring was derived from the hydroxyl group of 
the proclavaminic acid moiety and not from the molecular dioxygen. 
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However, for the oxidative cyclisation of monocyclic prociavaminic 
acid under the influence of CAS to bicyclic clavaminic acid, two distinct 
events were postulated to occur ( Baldwin et a!., 1990 ); 
(I) closure of the oxazolidine ring 
( 11) formation of the exocycfic double bond . 
Further evidence to support this hypothesis was taken by Baldwin and 
Scholfield ( 1992 ) to be that the overall stoichiometry required two 
equivalents of a-ketoglutarate, suggesting two separate steps. 
The identification of a second intermediate in the conversion of 
proclavaminic acid to clavaminic acid was achieved by Baldwin et al., 
( 1990) using 500 MHz IH NMR spectroscopy. An additional signal accounting 
for approximately 5-10% of the intensity of the clavaminic acid resonance 
was detected in incubation mixtures of proclavaminic acid and purified 
extracts of CAS. Although this intermediate proved difficult to isolate, it was 
purified and a structure was generated. The structure is shown in Figure 8.0 
and the name dihydroclavaminic acid coined for it. The enzyme catalysed 
conversion to clavaminic acid has been recently identified by Baldwin et 
al., (1994c) to occur via a CAS catalysed syn-elimination. 
Baldwin et al., ( 1990 and 1991 ) confirmed that in vitro conversion 
of prociavaminic acid to clavulanic acid proceeded via the clavam, 
dihydroclavaminic acid, establishing that cyclisation precedes desaturation. 
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Figure 8.0 The clavulanic acid intermediate dihydroclavaminate 
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Thus, two enzymes have been identified in the biosynthesis of clavulanic 
acid in S. clavuligerus: the non-haern iron and a-ketoglutarate dependant 
dioxygenase clavamini.: , acid synthase ( CAS )( Elson et al., 1987a ) and 
proclavaminic acid amidino hydrolase ( PAH) (E{son et al., 1993). Initially, 5- 
/guanidino-2(2-oxoazetidin-1-yl)pentanoic acid is hydroxylated by CAS to 
give 3-hydroxy-5-guanidino-2-(oxozetidin-1-yl)pentanoic acid ( Baldwin et al., 
1993b ). The guanidino side chain of this 3-hydroxy intermediate is then 
hydrolysed by PAH to yield proclavarninic acid, which then undergoes CAS- 
mediated oxidative cyclisation to give dihydroclavaminic acid. The 
subsequent CAS catalysed desaturation of this gives clavulanic acid. 
Nicholson et al., ( 1994) have recently identified the immediate precursor of 
clavulanic acid as its N-aldehyde analogue, ( 3R, 5R ) clavulanate-9- 
aldehyde. The subsequent reduction of this compound to clavulanic acid is 
by an NADPH dependant dehydrogenase in S. clavuligerus, although it has 
yet to be characterised. The overall reactions leading to the formation of 
clavulanic acid via the clavaminic intermediates are summarised in Figure 
9.0. 
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Figure 9.0 The biosynthetic pathway of clavulanic acid ( after Baldwin et al., 1994b ) 
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Key: CAS: clavaminic acid synthase, PAH: proclavaminic acid amidino hydrolase. 
A: 5-guanidino-2(2-oxoazetidin-1-yl)pentanoic acid, B: 3-hydroxy-5-guanidino-2- 
(oxozetidin-1-yI)pentanoic acid, C: proc'iavaminic acid, D: dihydroclavaminic acid, 
E: clavulanic acid. 
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1.8 The significance of Clavaminate synthase and its similarities with other 
oxygenases. 
Of some of the non-haeme iron dependant oxygenases, clavaminate 
synthase ( Elson et al., 1987a; Salowe et al., 1990 
deacetoxycephalosporin C synthase ( DAOCS) ( Jensen et al., 1985; Rollins 
et al., 1988; Dortzlaf and Yeh, 1989 ) and deacetoxycephalosporin C 
synthase ( DACS )( Jensen et a!., 1985; Baker et a!., 1991 ) all require 
ferrous iron, molecular oxygen and a-ketoglutarate for activity ( Hook et 
al., 1979 ). 
The oxidation, cyclisation and subsequent desaturation of clavaminic acid 
closely parallels the oxidative ring expansion of penicillin to cephalosporin 
catalysed by the enzyme DAOCS. In Cephalosporium acremonium, the ring 
expansion reactions that relate penicillin N to deacetylcephalosporin C 
are carried out by a single enzyme ( Baldwin et al., 1987; Dotzlaf and Yeh, 
1987 ), whilst in S. clavvligerus, two separate oxygenases have been 
separated. 
Considerable sequence homology has been demonstrated to exist among 
the fungal DAOCS synthase genes and the two bacterial DAOCS and DACS 
genes which occur in S. clavuligerus ( Kovacevic and Miller, 1991 ). In 
addition, similarities among these genes and the S. clavuligerus isopenicillin N 
synthase (ISPNS) have also been noted by the same authors. Despite the 
co-occurrence of CS and DAOCS / DACS in S. clavuligerus the genes 
encoding CST and CS2 are 87% identical whilst those for DAOCS and DACS 
are 71% identical (Kovacevic and Miller, 1991 ). Cloning and sequencing of 
the two cs genes has revealed a dissimilarity within the a-ketogiutarate 
dependant oxygenases central to clavulanic acid and cephalosporin 
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formation and this has prompted Marsh et al., ( 1992) to suggest there is no 
convincing evidence that the two pathways are evolutionar. related. 
An additional report on the unusual nature of the CS enzyme has 
suggested that, like isopenicillin N synthase, it has a relaxed specificity 
towards unnatural substrates ( Baldwin et a/., 1992 ) since it was able to 
catalyse the formation of two novel bicyclic intermediates when incubated 
with a y-Lactam analogue of proclavaminic acid. This has prompted the 
suggestion that the enzyme has a trifunctional role in the formation of 
clavulanic acid (Baldwin et al., 1993a, 1993'b) and may be active in other 
areas of the pathway. 
1.9 Evidence for a shared biosynthetic pathway among clavulanic acid and 
clavam metabolites. 
Only clavulanic acid is known to have the 5R-ring junction despite the fact 
that a number of ciavams possessing the 5S-ring fusion have been isolated. 
The clavarns, Clava n-2-carboxylic acid, 2-Hydroxynethyl-clavam, 2- 
F" mylomethyl-clavam ( Brown et al., 1979 ) and Ro 22-5417 ( Evans et a/., 
1983 and Preuss and Keilet, 1983 lack the 3-carboxyl but share a common 
2R-side chain. They have been shown to co-occur in Streptomyces 
clavuligerus. Two ciavams purified from Streptomyces antibioticus, 
Hydroxy, ethyl clavam ( Wanning et al., 1981 ) and valclavam ( Baldwin, et 
al., 1993c ) have been shown by Janc et al., ( 1993 ) to incorporate 
proclavaminic acid and thus support the hypothesis of a shared biosynthetic 
pathway between clavam metabolites and clavulanic acid (Figure 10.0). 
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Figure 10.0 The incorporation of [2,3-13C2}-D, L-proclavaminic acid into valclavam 
and clavulanic acid ( after Baldwin et al., 1994a ) 
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Baldwin et al., (1994b) also detected the enzymes clavaminic acid synthase 
( CAS) and proclavarninic acid arnidino hydrolase ( PAH) in the mycelia of 
S. antibioticus, suggesting that since these enzymes are involved in the 
biosynthesis of valclavam, there must be a shared pathway between 
clavulanic acid and valcfavam. 
The incorporation of proclavaminic acid into clavam-2-carboxylic acid was 
also demonstrated by lwata-Reuyl and Townsend ( 1992 ). Further 
evidence to support the hypothesis of a shared biosynthetic pathway is that 
clavaminic acid -5 the same sterochemistry as 
the clavams named 
above. Preliminary results have indicated that the potential precursors of 
valciavam are L-valine, L-arginine and L-methionine and a C3 pool 
intermediate ( Baldwin et al., 1994a) adding more evidence to suggest 
a common biosynthetic origin for clavulanic acid and the c{avams. In 
addition, the incorporation of L-ornithine in clava m-2-carboxylic acid 
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('lwata-Reut'! and Townsend, 1992) occurs in the same regiochemical sense 
as clavulanic acid. 
1.10 The role of Urea Cycle intermediates in clavulanic acid biosynthesis 
In most terrestrial vertebrates, NI-141, is converted into urea and excreted via 
the urea cycle. In birds, the NH4+ is converted into uric acid for excretion, 
whilst in many aquatic animals NH4+ itself is excreted. During this process 
both ornithine and arginine are generated. A simplified urea cycle is shown 
below. 
Figure 11.0 The urea cycle of terrestrial vertebrates 
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In prokaryotes, arginine is synthesised from glutamate in eight enzymatic 
steps ( Haas et al., 1977 ) and is under the control of the arg C( N- 
acetylglutamyl-phosphate reductase-AGPR ), arg D and arg E genes in 
S. clavuligerus ( Ludovice et al., 1992 ). Figure 12.0 summarises the arginine 
and ornithine metabolism exhibited by S. clavuligerus. 
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Figure 12.0 Schematic diagram of the enzymatic steps of the arginine pathway from 
glutamate to ornithine in S. clavuligerus ( after Ludovice et al., 1992 ). 
Glutamate a> N-acetylglutarnate 
b> 
N-Acetylglutamyl phosphate 
ec 
fd 
Omithine < N-Acetylomithine 4- N-Acetylglutamic semialdehyde 
Al 
Citrulline 
Arginine 
Key; a. N-Acetylglutamate synthase: b. N-Acetylglutamate kinase: c. N- 
Acetylglutamyl phosphate reductase: d. N-Acetylornithine transaminase: e. 
Ornithine acetyltransferase: f. N-Acetyiornithinase. Dotted line represent Arginase 
enzyme. 
Thus, the semialdehyde of glufamic acid can give rise to ornithine, which can 
be metabolised to arginine via cifrulline. The arg C gene, encoding the 
enzyme N-Acetylglutamyl phosphate reductase ( AGPR ), is repressed by 
addition of arginine to the culture and is thought to regulate the pathway 
( Ludovice et at., 1992 ). In Bacillus subtilis ( Issaly and Issaly, 1974 ), ornithine 
and lysine competitively inhibit arginase, whilst excess arginine prevents 
ornithine biosynthesis. In S. clavuligerus, an arginase activity has been 
detected ( Romero et al., 1986, Bascaran, 1989a and 1989b, Baldwin et al., 
1993b ). 
Arginine, the intermediates of the arginine biosynthetic pathway ( i. e. 
ornithine ) and the products of arginine catabolism are structural 
components of several antibiotics, including non-Streptomyces products. In 
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Bacillus brevis, gramacidin S, consisting of linear peptides of amino acids, 
is sensitive to arginine regulation via the supply of ornithine ( Poirier and 
Demain, 1981 ). The peptide antibiotic bacitracin, produced by Bacillus 
licheniformis, has an ornithine component in its structure. Within the 
Streptomyces, the products of arginine catabolism are components of 
clavulanic acid ( Romero et al., 1986 ), streptomycin and bluenomycin 
( Walker, 1975 ), streptothricin F( Martinkus et al., 1983 ) and mitorrmycin 
(Horneman and Eggert, 1975). 
She significance of the urea cycle in the biosynthesis of clavulanic acid by 
Streptomyces clavuligerus is that it is has been shown to provide the C5 
precursor amino acid, arginine ( Valentine et al., 1993 ). The portion of the 
cycle which has received the most interest is the conversion of arginine 
into ornithine under the influence of an arginase enzyme ( Figure 13.0 ). 
Figure 13.0 The enzymatic conversion of arginine to ornithine under the influence of 
arginase. Urea is also a product ( not shown) 
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Arginase activity has been frequently reported in S. clavuligerus ( Romero et 
a!., 1986: Bascaran et a!., 1989a, 1989b ). Inhibition of arginase induction by 
ammonium has been reported ( Middlehoven, 1968) and this enzyme has 
been shown to be induced by the presence of arginine and repressed by 
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ammonium in S. clavu{igerus (Bascaran et al., 1989 ). Arginase is also induced 
by arginine in Saccharomyces cerevisiae ( Whitney and Magasnik, 1973 ). 
lt should of course be noted that a functional arginase in S. clavuligerus does 
not imply that the organism displays the full urea cycle associated with 
eukaryotic organisms and the presence of urea in cultures has not yet been 
reported. 
In addifion to arginase generating ornithine from arginine, Elson et a!., 
( 1993 ) and Baldwin et al., ( 1993b ) recently proposed an arginase type 
activity in the pathway leading to the formation of the bicyclic nucleus of 
clavulanic acid itself. In the proposed pathway leading to the formation of 
proclavaminic acid it was suggested that the loss of an ammonium group 
from an immediate precursor of proclavaminic acid was mediated by an 
arginase ( Figure 14.0). 
Figure 14.0 The postulated role of an arginase type activity in the pathway leading 
to the formation of clavulanic acid. 
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This arginase activity was postulated to mediate the conversion of 3-hydroxy- 
5-guanidino-2(2-oxoazetidin-1-yl)pentanoic acid to proclavaninic acid. 
However, the enzyme PAH has been shown to be responsible for the 
hydrolysis of the side chain to yield proclavaminic acid ( Baldwin et al., 
1994b ). This would therefore suggest that there maybe more than one 
arginase activity in S. clavuligerus- an activity associated with the formation 
of ornithine and a second activity in the biosynthetic pathway itself. 
The use of an arginase for arginine catabolism is widespread in bacteria, 
yeasts and fungi ( Abdelal, 1979 ). Arginase has been detected in the yeast, 
Saccharomyces cerevisiae ( Whitney and Magasnik, 1973 ), the 
fungus Aspergillus nidulans (Cybis and Davies, 1975 ), the bacteria Bacillus 
subtilis ( De Hauwer et aL, 1964 ), Bacillus licheniformis ( Ramaley and 
Bernohr, 1966 ), Proteus vuigaris ( Prozesky et al., 1973 ) and the mould 
Neurospora crasser (Castaneda et at., 1966: Cybis and Davis, 1975). 
In addition to the arginase mediated cleavage of arginine, a second 
conversion using amidinotransferase and resulting in the formation of a 
guanidino derivative of arginine is known to occur in micro-organisms. In 
S. clavuligerus, only the arginase activity has been demonstrated ( Romero et 
at., 1986 ) whilst an amidinotransferase activity has been found in 
Streptomyces species producing streptomycin, bluenomycin and 
vionomycin (Walker and Hnillica, 1964 ). 
It is fair to say that these types of activities have been poorly studied in the 
Streptomyces at the expense of studies into enterobacteria, despite the 
obvious commercial value of the Streptomyces. Basic physiological studies 
are required with these organisms to determine if those pathways which 
50 
Chapter 1 
apply to other organismsand have been well characterised, can be applied 
to the genus Streptomyces. 
Figure 15. Oa and 15-Ob shows a stylised biochemical pathway which 
highlights some of the areas of metaboVism which have been shown to be 
important to clavulanic acid biosynthesis. The C3 portion of clavulanic acid is 
drawn off from glycerate, whilst the C5 component is derived from arginine. 
Despite the identification of these two precursor metabolites, there is still a 
lack of information in the literature regarding the actual flux of metabolites 
around the urea cycle amino acids, ornithine and arginine. The absence in 
the literature to date of the detection of urea in cell extracts may imply that 
this cycle may not be active in the same manner as it is in mammals. In 
addition the arginase enzyme which is allegedly responsible for this 
conversion has not been definitively isolated from cell extracts and those 
measured activities cannot therefore be specifically attributed to it. This 
therefore suggests that the supply of the C5 moiety is still poorly 
characterised. This in itself also reflects on the poorly understood mechanisms 
of amino acid flux in the Streptomyces generally and there is a real need to 
establish these basic physiological pathways if we are to understand the 
more complex aspects of higher metabolism. 
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Figure 15. Oa A stylised biochemical pathway illustrating some of the areas 
important to the synthesis of the P-Lactam carbons of clavulanic acid. 
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Figure 15. Ob A stylised biochemical pathway illustrating some of the areas 
important to the synthesis of the oxazolidine ring carbons of clavulanic acid. 
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2.0 Materials and Methods 
2.1 Organism and strains 
Streptomyces clavuligerus strain 1838 ( Glaxo Group Research ) was used 
throughout this study. An agar bioassay method to determine clavulanic 
acid concentration was evaluated using Acinetobacter strain 2043 ( Glaxo 
Group Research ) which was selectively sensitive to clavulanic acid in the 
presence of the other known metabolites of S. clavuligerus. Initial 
development of the two stage culture system was carried out with 
Amycolatopsis orientalis, ATCC 19795 ( Appendix 1 ). 
2.1.1 Maintenance of cultures 
Streptomyces clavuligerus was grown at 300 C for up to 10 days on agar slopes 
of SV2 agar comprising (g/t) : glycerol, 15.0; glucose, 15.0; soya peptone, 15.0; 
calcium carbonate, 1.0; technical agar number 3,20.0 and distilled water to 
one litre. All medium components apart from the sugars were pH adjusted to 
7.0 and sterilised together by autoclaving at 1210 C for 15 minutes. Sugars were 
autoclaved separately and added post sterilisation. All Inocula were prepared 
from a stock frozen spore suspension of the organism (in 50% glycerol) derived 
from a single colony isolate. Sufficient stock suspension was prepared for all the 
experiments described. 
The Acinetobacter species was grown overnight at 25° C on agar plates 
comprising (gil : nutrient broth number 2,25.0; technical agar number 3, 
10.0 and sodium acetate 1.0 % w/v. Stock cultures were maintained at 40 C 
and sub cultured every four weeks. 
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Amycolatopsis orientalis was grown of 300 C for 10 days on agar slopes of 
Tomato Juice agar comprising ( g/I ): Tomato puree, 20.0; Milupa infant 
breakfast cereal ( oat and apple ), 15.0 and glycerol 20.0. Stock cultures 
were maintained at 40 C and sub cultured every two weeks. Where 
required pre-culture inocula were cultured in nutrient broth (Oxoid ). 
2.2 Medium formulation 
A series of synthetic nutrient limited media were developed for the culture 
of Streptomyces clavuligerus which are summarised in Table 5.0. Additional 
medium formulations are described in the text when they differ from those 
listed in Table 5.0. 
Table 5.0 Summary of the formulation of synthetic nutrient limited media for the 
growth of Streptomyces clavuligerus. 
Component 
(g! l) 
Carbon 
i 
Ltd 
Nitrogen 
Ltd 
Phosphate 
f 
Ltd 
-ý+ 
Rich 
- Glycerol 15.0 45.0 60.0 -ý - 50.0 
NH4C1 7.0 1.5 7.0 10.0 
KH2PO4 3.0 3.0 0.1 3.0 
K2 HPO4 7.0 7.0 - 7.0 
MOPS* - - 21.0 - 
Trace Solution 
(ml )** 
10.0 10.0 10.0 10.0 
*3-[N-morpholino)propanesuI phonic acid (Sigma Chemical Co. ) 
**Trace element solution was made up as a x100 concentrate and added to 
give the following final concentrations ( g/L ): MgSO4 . 7H20 
0.25 
, FeSO4 
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. 7H20 0.025 , COC12 0.00055 , CuC12 0.0053 , CaCI2 . 2H20 0.0138 , ZnC12 
0.0104 , MnC12 0.0062, Na2MoO4 0.0003. 
For the cultivation of Amycolatopsis orientalis media were supplemented 
with glucose as the carbon source and sodium nitrate as the nitrogen source. 
Sodium nitrate was added at 11.12 g/l and glucose at the same levels as 
described in Table 5.0. 
2.3 Inoculum preparation 
A two step inoculum procedure was always employed to inoculate the 
synthetic nutrient limited media to reduce the effects of nutrient carry over. 
The contents of one stock slope of Streptomyces clavuligerus were 
inoculated into 25 ml of SV2 broth in flask stirred at 300 r. p. m. with a triangular 
section magnetic flea and incubated for 2 days at 300 C. After 2 days 
incubation 1.5-2.0 ml of the pre-culture were inoculated into 25 ml of the 
experimental medium and incubated as above for a further 3 days on an 
orbital shaker at 220 r. p. m. Bioreactors were normally inoculated at 4.0 - 5.0 
volume. A. orientalis was cultured as described above but the pre-culture 
step was carried out in 25 ml of nutrient Broth ( Oxoid ). 
2.4 Bioreactor configuration 
2.4.1 Batch culture 
Streptomyces clavuligerus was cultured in two litre ( working volume 1.5 L) 
Braun Biolab ( B. Braun Biotech ) bioreactors. Agitation of the organism ( 750 
r. p. m ) was achieved via a centrally mounted stirrer shaft fitted with two flat 
blade Rushton turbine impellers. The distance between these discs was 65 mm. 
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Airflow was set at 1.0,, -. evmRW and dissolved oxygen was monitored with a 
polarographic electrode ( ingold ). Oxygen electrode calibration was 
achieved by sparging the vessel with oxygen free nitrogen following the 
polarising period for the probes. Scales were adjusted to read at saturation 
95% dissolved oxygen. Culture temperature was maintained at 30 ± 0.3° C. 
Vessel pH was monitored via the use of either a liquid filled Ingold pH 
probe or a gel filled pH probe ( 'Broadley James ) . Automatic foam control 
was not operated during culture but Breox FMT30 antifoam 
( International Speciality Chemicals) was added at 0.001 % v/v. 
2.4.2 Chemostat culture 
Chemostat culture was carried out in the above vessels using overflows to 
maintain a constant volume ( Photograph 1 ). A selection of overflows 
allowed the volume to be varied. During chemostat culture the impeller rate 
was reduced to 500 r. p. m and the uppermost Rushton impeller was 
substituted 6y a two finned impeller, with the fins set at 90° to the horizontal. 
In this configuration culture volume could be more consistently maintained as 
the surface of the liquid remained less disturbed. Medium flowing into the 
vessel contained the antifoam at the appropriate concentration and was 
continually stirred via a magnetic stirrer (LH Fermentations) to compensate 
for the precipitation of trace metals from the solutions. Medium feeds were 
added to the vessel via peristaltic pumps ( Cole Palmer Corporation ) 
fitted with Masterfiex Norprene tubing ( Photograph 2 ). 
Between dilution rate changes, 300 ml of culture volume were removed and 
the vessel allowed to fill up at the new dilution rate. This protocol allowed a 
period of unlimited growth between dilution rates with a view to minimising 
mutant selection. 
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Photograph 1. Braun Biolab bioreactors used for the chemostat culture of 
S. clavuligerus. Culture volume was maintained by means of an overflow weir, the exit 
of which can be seen towards the bottom of the vessel. 
58 
Chapter 2 
Photograph 2. Continuous culture configuration for the culture of S. clavuligerus. To the 
left of the picture, a continuously stirred feed tank is connected to the vessel via a 
Masteflex peristaltic pump. Pump flow rates were adjusted a flow burette. 
2.4.3 Two-stage culture 
Two stage chemostat culture was carried out under the same conditions 
described in section 2.4.2. Preliminary experiments with the position and size 
of the take out tube to the second stage produced the correct conditions to 
minimise gas uptake in the line to stage two. The consequence of this would 
be to reduce the feed rate of culture to the second stage and thus affect 
the overall dilution rate. Specific details of the configuration are given in 
Appendix 1. The two stage culture system is shown in Photograph 3. 
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Photograph 3. Configuration of the two stage continuous culture system. Stages one 
2.5 Assay of culture components 
2.5.1 Culture biomass concentration 
For the determination of biomass concentration membrane filtration was used. 
Membrane filters of 0.45µm porosity ( Gelman Sciences ) were dried in a 
microwave oven ( Toshiba, 850W) at power level 9 for 6 minutes, desiccated 
under vacuum for 72 hours and weighed. Pre weighed filters were washed 
with 25 ml of reverse osmosis ( RO ) water and covered with 10 ml of sample, 
filtered and washed with 30 ml of RO water. Wet filters were then dried in the 
microwave as above and desiccated under vacuum overnight. 
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2.5.2 Collection of culture supernatant 
Samples for assay were collected from the vessel and subjected 
to centrifugation at 1750X3 for 10 minutes. The supernatant was dispensed into 
sterile 1.5 ml Eppendorf tubes and used immediately or frozen at -20° C. 
Clavulanic acid was determined immediately in culture supernatants since 
it was observed that it degraded upon storage. 
2.5.3 Clavulanic acid 
Two methods were initially tested to determine the concentration of 
clavulanic acid in culture supernatants. Whilst both methods gave similar 
results assay by HPLC was adopted as the method of choice since it was both 
rapid and sensitive at low concentrations of antibiotic. 
2.5.3.1 Bioassay of Clavulanic acid against Acinetobacter sp. 
Levels of clavulanic acid ( CA ) were determined by punch plate 
agar diffusion bioassay of culture supernatants using the clavulanic acid 
the, 
sensitive Acinetobacter sp. as, challenge strain. This strain had been selected 
to respond only to CA and none of the other metabolites that S. clavvligerus 
produces. The challenge organism was grown overnight in nutrient broth plus 
1.0 % sodium acetate at 25° C and 5 ml added to 250 ml of the same agar at 
500 C. Agar was poured into 25 x 25 cm plastic dishes and left to cool at 40 C 
for 2 hours before punching a6x6 grid into it. 
A standard of clavulanic acid ( Glaxo Group Research ) was diluted in RO 
water from 0.0 - 0.1 g/I. To each well 100µI of either sample or standard 
solution were added, in duplicate. Following incubation at 25° C overnight it 
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was possible to construct a standard curve of zone diameter against 
clavulanic acid concentration and thus infer CA levels in sample 
supernatants. 
2.5.3.2 HPLC assay of Clavulanic acid. 
The high performance liquid chromatography ( HPLC ) assay for CA was 
developed from a method described by Foulstone and Reading ( 1982) using 
a single step derivatization with Imidazole ( Figure 16.0 ). Acetonitrile ( 4% ) 
replaced methanol (6%) as the organic modifier. 
Figure 16.0 A schematic representation of the derivatization of clavulanic acid with 
Imidazole. The derivatized complex gives an absorption maximum at 311 nm. 
H 
p OH 
ON -- 
H COOH 
Clavulanic acid 
Imidazole 
N_ N CO-CH-CH-NH-CH-CO-CH-CHOR 
22 
1 -( 8-Hydroxy-6-010-4-azaoct-2-enoyl 
)- imidazole 
HPLC configuration 
A Spectra Physics SP800 pump was used and injections made with a Hamilton 
25µI syringe via a Rheodyne 7125 injector. Column eluent was monitored 
by a Spectra 100 ( Spectra Physics ) variable wavelength detector set at 
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31 1 nm and 0.005 AUFS. The flow rate was 2 ml per minute and a total run time 
of 7 minutes employed. Under these conditions, derivatized clavulanic acid 
ran between 3.18 and 3.28 minutes. Assays were carried out at room 
temperature. 
Column characteristics 
Clavulanic acid was determined on a 5µ C18 base deactivated silica (BDS ) 
Hypersil column ( Shandon Scientific Ltd ) of length 250 mm and internal 
diameter 4.6 mm. 
Mobile Phase composition 
Mobile phase, 0.1 M KH2PO4 ( BDH, Analar grade) and 4.0 % CH3CN adjusted 
to pH 3.2 with phosphoric acid, was degassed with oxygen free helium. 
Derivatization 
The derivatization reagent was prepared by adding 5g Imidazole ( ICN 
Biomedicals Inc. to 6 ml of RO water and sufficient concentrated HCO to 
bring the pH to 6.8. Imidazole was of >99% purity. The volume was made up to 
10 ml with RO water. The sample to be assayed ( 200µl ) was added to the 
imidazole reagent ( 5Oµl ) and after a 10 minute reaction period at room 
temperature 20µl were loaded onto the HPLC column. 
A range of c{avulanic acid standards of 0-0.1 g/ were prepared as above 
to form a standard curve of peak area against concentration. A typical 
standard curve is shown in Figure 17.0 and regression correlation coefficients 
(R 2 )of greater than 98% were routinely achieved. 
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Figure 17.0 The relationship between peak area and clavulanic acid concentration 
for clavulanic acid derivatizied with imidazole. 
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2.5.4 Glycerol 
Residual glycerol in samples was assayed by HPLC. 
HPLC configuration 
O. 12 
An LKB Bromma 2150 HPLC pump coupled to an refractive index ( RI ) 
detector ( ERC 7510, Erma Inc. ) and LKB 2221 Integrator provided the basic 
system. Column eluenf was monitored by the RI detector at 300 C. Injections 
were performed with a Hamilton 25µI syringe via a Rheodyne 7125 injector 
port. The flow rate was 0.6 ml per minute and a total run time of 20 minutes 
was employed. Under these conditions glycerol ran at around 13.5 minutes. 
Column characteristics 
Glycerol was determined on a Phenomenex Rezex Organic acid column 
( HPLC Technology) of 300 mm length and 7.8 mm internal diameter. 
----------------------------------- -------------------------------------- ------------------------ -----.. - . _. -_... 
  
I 
  
64 
Chapter 2 
Mobile Phase composition 
Mobile phase, 0.01 N H2SO4 ( 0.168 ml conc. acid in 21 RO water ), was 
degassed by bubbling oxygen free Helium gas through it for 2 minutes. 
Sample preparation 
Prior to assay by HPLC sample supernatants were subjected to a protein 
precipitation step to minimise protein additions to the column. Precipitation 
was achieved by adding 0.12 ml of 10.0 % trichloroacetic acid (TCA) to 0.44 
ml of sample and 0.44 ml of water in an £ ppendorf tube. Sample were 
vortexed for 15 seconds and spun down at 2550YIat 40 C for 30 minutes. 
Supernatant was removed and dispatched into glass bottles, from which 2041 
were injected onto the column. A range of glycerol standardsof 0- 60 gil were 
prepared as above and a standard curve of peak area against glycerol 
concentration constructed. 
2.5.5 Ammonia 
Ammonia levels in culture supernatants were assayed chemically using 
salicylate and Fichior reagent ( McDermott, 1991 ). 
" Salicylate reagent comprised ( g/l ): sodium salicylate 
85 , sodium 
nitroprusside 0.6 and distilled water to 1 litre. 
" Fichlor reagent comprised ( gll ): dichioroisocyanurate 
2.5, sodium 
hydroxide 40.0 and distilled water to 1 litre water. 
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Prepared reagents were stored at room temperature in the dark and used 
within 2 weeks of preparation. A standard ammonium solution was prepared 
to 0.05 g/I NH4CI and diluted as required. 
Non nitrogen limited cultures were diluted 100 fold in RO water whilst N limited 
samples were diluted 20 fold. To 2.0 ml of the salicylate reagent 0.25 ml of 
diluted sample were added followed by 2.0 ml of the Fichior reagent. 
Solutions were mixed and incubated at 30° C for 30 minutes. To each tube, 5.0 
ml of distilled water were added and absorbance measured at 660 nm in a 
spectrophotometer. 
2.5.6 Phosphate 
Inorganic phosphate was determined by a method which quantitates the 
unreduced phophomolybdate heteropolyacid at 340 nm. This method was 
adapted from Daly and Ertingshausen ( 1972 ). 
0 Solution 1: 0.6 M H2SO4 (33 ml reagent grade acid per litre RO 
water). 
" Solution 2: 2.0 g ammonium molybdate in 1 litre of solution 1. 
The working solution was prepared by adding 0.9 ml of Tween 80 (1 vol + 2vol 
H20 ) to 100 ml of molybdate solution and le ý to stand for 30 minutes at 
room temperature before use. 
To 30µl of diluted sample (1 /10 ) in a UV grade plastic cuvette 3.0 ml of 
working reagent were added, mixed by inversion and left to stand for 10 
minutes at room temperature. Absorbance was read at 340 nm. Standard 
solutions were treated in the same way. In samples where phosphate was 
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limiting, a modification was required to allow the low level of phosphate to 
be detected by this method. To 150µI of undiluted sample 2.0 ml of reagent 
were added and samples treated as before. A standard curve was 
constructed at the following concentrations KH2PO4 (gil : 0.1,0.08,0.06,0.04, 
0.02 and 0.0. Absorbance was measured at 340 nm in a spectrophotometer. 
2.5.7 Protein 
Protein was assayed using the Lowry method (Lowry et al., 1951 ) 
Solution A (g/l) : Na2CO3 20.0, C4H4, ýk WA H20 0.5, NaOH 4.0 
and 1 litre water. 
0 Solution B (g/I) : CuSO4.5H20 1 and 1 litre water. 
Fo{in and Ciocalteau reagent ( BDH : dilute 1 to I with water prior to use. A 
standard solution was made from bovine serum albumin ( BSA )1 mg/ml 
diluted to give a range of concentrations from 0 -1 mg/mi. 
The Lowry reagent was made by adding 9 parts of solution A to 1 part of B. 
Where samples contained detergent 5 ml of a 10% sodium dodecyl sulfate 
( SDS) were added to every 100 ml of Lowry reagent. 
Procedure 
A standard curve of BSA was constructed such that final volumes were 200µi 
and samples were diluted to fall within the range of the standard curve. To 
each sample 3 ml of Lowry reagent were added and left at 300 C for 15 
minutes. After this time 0.3 ml of the diluted Folin and Ciocalteau reagent was 
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added and left at 30° C for 30 minutes. Absorbance was read at 750 nm in a 
spectrophotometer. 
2.5.8 Urea 
Urea was assayed for in both culture supernatants and cell free extracts using 
a Urea Nitrogen kit ( Sigma Diagnostics ). The reaction was based on the 
hydrolysis of urea by urease and subsequent reaction of the liberated 
ammonia with alkaline hypochlorite and phenol. This formed a blue 
indophenol complex which could be measured spectrophotometrically at 
570 nm. 
2.6 Enzyme assay 
2.6.1 Preparation of cell samples 
Samples to be treated for enzymatic assay were preserved as freeze dried 
stocks prior to assay or assayed immediately following preparation. From 
chemostat studies 300 ml of culture were taken and spun at 1750g for 15 
minutes ( at 4°C ) in 6x 50 ml volumes. Prior to centrifugation cell solutions 
were kept on ice for 5 minutes. Supernatant was discarded and the cell 
pellet washed twice and re-suspended in 30 ml of ice cold phosphate 
buffered saline ( PBS ). Cell samples were frozen immediately over a dry ice 
acetone bath with constant turning to generate a film on the glass before 
being vacuum dried. 
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2.6.2 Sonic disruption of cells 
Cells were suspended in either 0.05 M glycine buffer, pH 9.5 ( comprising 
250 ml 0.2 M glycine, 96 ml 0.2 M NaOH and 652 ml 0.1 M KCI) or PBS buffer. 
Single 1 ml volumes were exposed to 2 minutes of sonication at intensity 3 in a 
Sonicator Ultrasonic Processor XL ( Heat Systems ) fitted with a micro tip. 
During sonication cell samples were maintained in ice and exposed for 30 
second periods. Cell free extracts were prepared by centrifugation at 
12,000 g for 15 minutes at 4° C and used immediately or frozen at -20° C. 
2.6.3 Arginase assay 
This was adapted from Harwood and Baumber ( 1977 ). For this assay, cell free 
extracts were prepared in glycine buffer as described above. The reaction 
mixture contained, in total 0.5 ml: 0.1 ml of bacterial suspension: 0.5µmol 
MnCI2 and 25} mol L-arginine. The reaction was started by the addition of 
arginine and carried out at 370 C for 15 minutes. Estimation of ornithine was 
by Chinard's method ( Chinard, 1952 ). The reaction was stopped by the 
addition of 1.0 ml ninhydrin reagent ( containing 25 mg ninhydrin and 3.76 mg 
hydrindantin in 0.4 ml phosphoric acid plus 0.6 ml glacial acetic acid ). Glacial 
acetic acid (1.5 ml) was then added and tubes were capped and heated 
in a boiling water bath for 30 minutes. When cool, extinctions were read at 
515 nm. Controls without cell suspensions and with ninhydrin reagent added 
before arginine were included. Standards with different amounts of ornithine 
were run with each set of assays. Specific activity is expressed as mg 
ornithine produced per hour per mg of biomass. 
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2.7 Amino acid analysis 
Cell free extracts were prepared in PBS by sonication using the method 
outlined for enzymatic assay. Amino acids were determined by HPLC after pre- 
column labelling with 6-pthaldialdehyde ( OPT-thiol ) according to the 
method of Jones et al. ,( 1981 ) but with the modification of Joseph 
and Marsden ( 1986 ). The reaction of OPT-thiol with the amino acids is shown 
below in Figure 18.0. 
Figure 18.0. The reaction of OPT-thiol with amino acids ( after Joseph and Marsden, 
1986) 
CHO 
CHO 
+ NH2 ---CH -R 
COOH 
+ SH-CH2-CH- OH 2 
S- 
N 
ý ý/ 
CH-CH-OH 
22 
CH-R 
COOH 
Emission at 340 nm 
HPLC configuration 
A multiple channel spectra Physics SP800 pump was used and injections made 
with a Hamilton 25µI syringe via a Rheodyne 7125 injector. Column e'luent was 
monitored by a Spectra 100 ( Spectra Physics) variable wavelength detector 
set at 340 nm and 0.05 AUFS. 
70 
Chapter 2 
Column characteristics 
Derivatizied amino acids were resolved on a 5im Hypersil ODS column 
( HPLC Technology) of length 150 mm and internal diameter 4.6 mm. 
Mobile phase composition 
HPLC resolution of the amino acids required gradient elution of two separate 
mobile phases. Mobile phase A consisted of 800 ml of 0.05M sodium 
dihydrogen phosphate pH 5.5 ( with 1M NaOH and 200 ml of AnalaR 
methanol. Mobile phase B consisted of 200 ml of the same phosphate buffer 
solution and 800 ml of AnalaR methanol. Both solutions were degassed with 
oxygen free helium. 
Gradient programme 
The gradient elution of samples was achieved via the pre-programmed pump. 
The gradient was 0-10% in buffer B in 10 minutes, 10-85% in 30 minutes, 85-0% in 
5 minutes and 10 minutes equilibration with buffer A. The flow rate was 
maintained at 1 ml per minute. 
Sample preparation 
Before injection, samples were clarified by centrifugation at 10 000 g for 10 
minutes. Acid precipitation was not suitable for this method due to the 
instability of the OPT derivative at acid pH. 
To derivatize, 200µI of OPT-thiol reagent ( Sigma Chemical Company) were 
added to 50µI of sample and vorfexed vigorously for 1 minute and left 
to 
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stand for a further minute at room temperature. Each injection was made with 
20µI of the reaction solution and standard solutions ( Sigma Chemical 
Company) were treated as described above. 
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RESULTS AND DISCUSSION 
SHAKE FLASK 
CULTURE 
I. Medium Develop ment 
II. Amino acid feeds 
Chapter 3 
3.0 Medium development and shake flask culture 
3.1 Synthetic medium development-basal medium composition 
The development of a fully defined synthetic medium in which the growth 
rate limiting nutrient could be specifically controlled was essential for our 
physiological study. Three synthetic media were examined for their ability to 
support the growth of S. clavuligerus. Of the three media under study one 
was an " in house " formulation and the two others based on the inorganic 
composition of Romero et al., ( 1984) and Liriey et al., ( 1991 ). 
3.1.1 Carbon source 
The various formulations for the synthetic basal medium were investigated 
using either glycerol or glucose as the sole carbon source ( 20 g/l ) and 
sodium nitrate as the nitrogen source ( 10 gIl ) . Growth of the organism with 
glycerol as the carbon source was much more vigorous than that 
observed for glucose ( Figure 19. Oa ). When glucose was the carbon 
source, the basal formulation of the Romero medium supported the best 
growth of those examined. 
S. clavuligerus has been previously reported to be unable to utilise glucose 
and other hexoses as sole carbon source ( A'haranowitz and Demain 1978, 
Wei-Shou et al., 1983 , Vining et al., 
1987 and Garcia-Dominguez et at., 
1989 ) due to an inability to complete glucose transport ( Garcia- 
Dominguez et a!. 1989 ). The results presented here are consistent with those 
in the literature. 
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Figure 19. Oa The effect of basal medium composition and carbon source on the 
growth of S. clavuligerus with sodium nitrate as a nitrogen source. 
key: carbon sources are shown as gluc ( glucose) and gly (glycerol). 
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There was a high concentration of suspended solids ( 0.37 g/I) in the Romero 
basal medium which made both dry cell weight estimation and 
morphological analysis difficult. The results presented are corrected for the 
residual suspended solids concentration in the medium. As a result, the in 
house medium formulation was selected for further development. 
3.1.2 Nitrogen source 
Examination of the biomass concentration in all of the basal media, which 
used sodium nitrate as a nitrogen source suggested the unsuitability of this 
compound for meeting culture nitrogen requirements due to poor growth 
even when the preferential carbon source, glycerol, was present. The 
inability of S. clavuligerus to utilise nitrate as a sole nitrogen source is in 
agreement with the results of Vining et al., ( 1987 ). Using the in house 
medium, ammonium chloride was examined as an alternative nitrogen 
source and this supported much higher culture biomass concentrations 
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( Figure 19. Ob ). The final nitrogen source concentration in this medium was 
reduced from 10 g/I to 7 g/l in an attempt to reduce the possible effect of 
excess ammonium toxicity on culture growth. The carbon concentration was 
also reduced to 15 g/ but the C: N ratio was maintained as in the previous 
experiment to ensure consistency. 
Figure 19. Ob The effect of nitrogen source on the growth of S. clavuligerus in the "In 
house" basal medium. Glycerol was provided at 15.0 g/l and the nitrogen source at 
7.0 g/l. 
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3.2 Effect of medium pH 
Using the MOPS buffered synthetic phosphate limited medium outlined in 
Section 2.2, the growth of S. clavuligerus and the production of clavulanic 
acid were assessed at pH 6.5 and 7.5 in shake flask culture. Culture biomass 
concentration, clavulanic acid titre and specific production of clavulanic 
acid were higher at the lower pH value ( Figure 20. Oa and 20. Ob ). 
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Figure 20. Oa The growth of S. clavuligerus and the production of c'lavulanic acid in 
MOPS buffered synthetic phosphate limited medium at pH 6.5. 
1.4 
Culture biomass concentration ( g/l ) 
1.2 ------------------- --- -------------------------------------------------- 
1 --------------------------- --- - ---- --- ----------------------- 
0.8 ----------------------------------- ---- 
0.6 ---------------------------------------- ------------- 
0.4 ----------------------------------------- -------------- 
0.2 
n 
Clavulanic acid (g/1 : g/g biomass) 
v 
24 48 72 96 120 
Time (Hrs ) 
[Biomass concentration --- Clavulanic acid -*- Specific titre 
Figure 20. Ob The growth of S. ciavuligerus and the production of clavulanic acid in 
MOPS buffered synthetic phosphate limited medium at pH 7.5. 
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Whilst the maximum specific productivity of clavulanic acid was highest at 
pH 6.5 ( 0.013 g per g biomass compared to 0.0078 g per g biomass at 
pH 7.5 ), production profiles differed considerably. At both pH values, there 
was a high specific productivity after 24 hours incubation and this was 
attributed to carry over of antibiotic from the inoculum. At pH 6.5, where 
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n v 
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specific productivity was at its peak value observed after 24 hours, there 
was a marked decrease in specific productivity at 48 hours, followed by a 
slight increase at 72 hours from which point it remained at a more or less 
constant level for the remainder of the incubation. 
However, the production kinetics were reversed at the higher pH of 7.5 
where specific productivity increased with increasing incubation time, 
reaching its maximum observed value at 120 hours incubation. 
The observed higher clavulanic acid titres may have been due to the 
increased stability of the molecule at the lower pH or an actual direct effect 
on cellular physiology via the antibiotic biosynthetic enzymes. This effect was 
investigated (Section 3.3 ). 
3.3 Stability of clavulanic acid 
In order to quantify further the effect that the lower pH had on elevating 
clavulanic acid titre in a phosphate limited medium, the stability of 
clavulanic acid in the experimental media was examined. Two 25 ml aliquots 
of media were pH adjusted to 6.50 and 7.50 ( using 2M NaOH and pure 
clavulanic acid at 0.04 gll was added. The samples were incubated as 
described for the experimental medium at 300 C on a rotary shaker. Samples 
of 400µI were periodically withdrawn and the clavulanic acid content 
measured by HPLC assay as described in 2.5.3.2. 
The results showed a dramatic reduction in the measured titre of clavulanic 
acid over a 24 hour period at pH 7.50, whilst the decay in titre was much less 
marked at pH 6.50 ( Figure 21.0 ). An estimate of the rate of decay at pH 7.5 
was provided by fitting a least squares regression line through the data. The 
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correlation coefficient obtained of R=0.96, suggested that this rate of 
decay was linear over the time frame examined. The slope of the line 
estimated the rate of decay of clavu{anic acid at pH 7.5 to be -0.006 g/{ h- I. 
Figure 21.0 The stability of clavuianic acid in phosphate limited media at pH 6.5 and 
7.50. Samples were incubated at 300 C on a rotary shaker. Error bars are not shown 
since the, '- were tam small to be visualised on the axis. 
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The results have shown clearly that even after a relatively short incubation 
period of 2 hours a 20% reduction in the measured titre of clavu'lanic acid at 
pH 7.5 was obtained. This reduction increased to an 85% loss in titre after 24 
hours incubation. In contrast the reduction in titre at pH 6.5 was only 23% 
after 24 hours. 
The instability of clavulanic acid at pH 7.5 may, therefore, be responsible for 
the observed difference between titre in the experimental media at the 
two different pH levels. However, experimental values at pH 7.5 were not 
recalculated to compensate for the estimated rate of decay of clavulanic 
acid since a number of caveats would be required. These caveats include 
the assumption that the rate of decay of clavulanic acid was (a) 
independent of the presence of the organism, ('b) constant over the entire 
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experimental time scale of 120 hours, (c) independent of the concentration 
of c'lavulanic acid and (d) the rate of production of clavulanic acid was a 
constant. Since these parameters were not determined, the ability of the 
organism to degrade the clavulanic acid or release a compound (s) into 
the media which are able to do this cannot be ruled out. This ability itself, if it 
exists, could be modulated via pH. 
3.4 Medium supplementation 
3.4.1 The effect of amino acid additions to phosphate limited media 
The amino acids ornithine and arginine have been strongly implicated in the 
pathway which leads to the production of clavulanic acid (Townsend and 
Ho, 1985b; Romero et al., 1986; Bycroff et al., 1988; Valentine et al., 1993 ) 
and an adequate flow of intermediates from arginine biosynthesis is 
thought to be essential for the biosynthesis of clavu'lanic acid ( Ludovice et 
al., 1992). 
Since these amino acids had been implicated as direct precursor molecules 
for part of the oxazolidine ring ( C5 ) of clavulanic acid, the effect of 
additions of these amino acids to shake flask cultures was studied and 
compared to the effects of g{utamine and serine addition. The effects of 
these additions on culture biomass concentration ( Figure 22. Oa ), clavulanic 
acid titre ( Figure 22. Ob and specific titre ( Figure 22. Oc) are presented. 
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Figure 22. Oa The effect of amino acid supplementation on the growth of 
S. clavuligerus in phosphate limited culture. Culture media were supplemented with 
10 mM amino acids. 
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Figure 22. Ob The effect of 10 mM amino acid supplementation on the production of 
clavulanic acid in phosphate limited media. 
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Results of the shake flask study demonstrated that supplementation of the 
medium with amino acids at 10 mM concentrations elevated the specific 
productivity of clavulanic acid ( Figure 22. Oc ). 
A 
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Figure 22. Oc Specific productivity of clavulanic acid in phosphate limited medium 
supplemented with 10 mM amino acids. 
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Arginine and glutamine exerted a smaller stimulatory effect on clavulanic 
acid production than either serine or ornithine. Stimulation of clavulanic acid 
titre has been observed on addition of 5 to 10 mM arginine and ornithine in 
both long term cultures and resting cell cultures of S. clavuligerus grown in a 
glycerol / proline / sucrose medium ( Romero et al., 1986 ). In this medium, 
clavulanic acid titre was doubled on addition of 10 mM ornithine. This study 
obtained a three fold increase in titre with the addition of 10 mM ornithine 
( Table 6.0 ). These results are also consistent with those of Romero and co 
workers ( 1986 ) who reported a140% improvement in titre with ornithine 
addition compared to 118% improvement with arginine. Whilst addition of 
ornithine clearly appeared to promote the highest titre improvements, serine 
produced increases in titre above that of either glutamine or arginine. 
'": 'ate' 
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Table 6.0 Effect of different 10 mM amino acids additions on specific productivity of 
clavulanic acid by S. clavuligerus in phosphate limited synthetic medium after 120 
hours incubation. 
Addition (10 mM) Clavulanic acid ( per biomass) (% ) 
None 0.008 (100 ) 
L-Arginine 0.015 (187 ) 
L-Glutamine 0.015 (187 ) 
L-Ornithine 0.025 (312 ) 
L-Serine 0.019(238) 
These results are surprising as arginine is the direct precursor of clavulanic 
acid and ornithine requires conversion to arginine prior to incorporation into 
the pathway ( Valentine et al., 1993 . Possibly the multiplicity of 
feed back 
and transcriptional control responses to accumulation of intracellular 
arginine decrease availability of the C3 precursor, required for each mole of 
arginine incorporated into clavulanic acid whereas excess ornithine has no 
effect on C3 precursor products ( see also Chapter 5.0 ). The need for an 
adequate supply of the C3 precursor may also explain the elevated titre 
achieved in the presence of serine, since this amino has the ability to 
supplement the glycolytic pathway ( see Figure 15. Oa ) and potentially 
increase the provision of the C3 precursor. 
The presence of the amino acids also appeared to play a role in the onset 
and accretion rates of production. In the un supplemented medium, the 
specific productivity remained constant whilst it increased with increasing 
time in those media containing the amino acids. This phenomenon was the 
most clearly marked in the serine supplemented culture ( Figure 22. Oc ). 
These differences are probably a reflection of the assimilation and 
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incorporation rates of the amino acids into the cell prior to metabolism 
directly or indirectly into clavulanic acid. 
3.4.2. The effect of multiple amino acid addition to the phosphate limited 
medium. 
Stimulation of clavulanic acid production had been observed in the 
presence of two of the potential precursor molecules, ornithine and 
arginine ( see 3.4.1 ). The effect of both arginine and ornithine on production 
were studied in shake flask culture using 10 and 20 mM concentrations. The 
results are presented in Figure 23.0a. 
Figure 23. Oa The growth of S. clavuligerus in phosphate limited medium in the 
presence of different concentrations of ornithine and arginine. Equi M( 10 mM Orn 
/ 10mMArg), Xs Arg ( 10 mM Orn/ 20 mM Arg ) and XsOrn (20mMOrn/ 10 mM 
Arg ). Control contained no amino acid additions. 
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The results suggested that whilst the multiple amino acid additions had little 
effect on the culture biomass concentration in the phosphate limited 
medium ( Figure 23. Oa) there were considerable effects on clavulanic acid 
production ( Figure 23.0 b ). The lack of any significant effect on culture 
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biomass concentration was expected as the media were all phosphate 
limited. 
Supplementation of the medium with equimolar ( 10 mM ) ornithine and 
arginine resulted in the formation of no more clavulanic acid than 
observed in the control flasks and yet similar culture biomass concentrations 
were obtained. When the amino acid were present at different 
concentrations a slight, although not significant, elevation in biomass 
concentration was observed compared to equimolar additions. Examination 
of clavulanic acid titres confirms that, in combination these amino acids did 
not promote significant increases in antibiotic titre. 
Figure 23. Ob Production of clavulanic acid in phosphate limited medium in the 
presence of different concentrations of ornithine and arginine. Equi M( 10 mM Orn 
/10mMArg), XsArg (10mMOrn/20mMArg)andXsOrn(20mMOrn/10mM 
Arg ). Control contained no amino acid additions. 
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The presence of both the potential precursor amino acids appears to have 
an antagonistic effect on clavulanic acid production when compared to 
cultures in which the amino acids were added singularly ( Figure 22. Ob ). The 
late peak in clavulanic acid titre after 120 hours incubation with excess 
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arginine (20 mM Arg and 10 mM Orn ) does not follow the trend of the other 
results although examination of the raw data suggests it to be a true result. 
However, Figure 24.0 shows clearly that the presence of both the potential 
precursor amino acids is detrimental to clavulanic acid titre. 
Figure 24.0 The effect of amino acid supplementation on the development of 
clavulanic acid titre in phosphate limited media. Data are shown as an increase or 
decrease above that of the control (zero line). 
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Table 7.0 shows that very little improvement in clavulanic acid titre was 
achieved after prolonged incubation with the amino acid combinations. 
Table 7.0 Effect of multiple amino acid additions on clavulanic acid production by 
S. clavuligerus in a phosphate limited medium after 96 and 120 hours incubation. 
Medium Clavulanic acid 
g per g biomass at 96 Hrs 
Clavulanic acid 
g per g biomass at 120 Hrs 
10 mM OrnlAr 0.0063 (-4.5) 0.0079 (+1.3 ) 
20 mM Ar 10 mM Orn 0.0052 ( -21.2) 0.0175 ( +124 ) 
20 mM Orn/ 10 mM Arg 0.0067 (+1.5) 0.0042 ( -44.8 ) 
Control 0.0066 ( 100) 0.0078 ( 100 ) 
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This effect may be due to an ammonium type repression of clavulanic acid 
production induced when the two amino acids are present together. This 
has been demonstrated for cepha'losporin production by S. clavuligerus 
( Aharonwitz and Demain, 1979 ). Results presented later in this report also 
show that excess ammonium chloride represses clavulanic acid production 
(see Chapter 6.0 ). 
The uptake of these amino acids from the culture and subsequent 
metabolism to clavulanic acid may also be inhibited by the presence of one 
or both of them. In the Lactoccoci, an arginine / ornithine antiporter has 
been shown to be active in L. lactis ( Driessen et a{., 1987 and partially 
active in E. faecalis, S. sanguis and S. milleri ( Poolman et al., 1987 ). This 
it ping-pong " antiporter system exchanges one arginine with one ornithine 
and it has been shown that the driving force for arginine uptake and 
ornithine excretion is supplied by an arginine and ornithine concentration 
gradient ( Konings et a!., 1989 ). L-ornithine can inhibit uptake of arginine via 
this antiporter and the results presented here have shown a reduced titre of 
clavulanic acid in the presence of excess ornithine with respect to arginine. 
If such a system, or a similar uptake mechanism exists in S. clavuligerus, it 
could explain why the titres under arginine excess (with respect to ornithine ) 
wt m higher than the others if it is assumed that it is arginine and not ornithine 
which proceeds directly info clavulanic acid, as has been shown by 
Valentine et al., ( 1993 ). 
3.4.3 Summary 
The importance of the urea cycle amino acids to clavulanic acid 
biosynthesis remains clear whilst the precise mechanisms of their interactions 
do not. A functional arginase has been demonstrated in S. clavuligerus by 
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Romero et al., (1986) which catalyses the conversion of arginine to ornithine. 
Since the urea cycle amino acids ornithine and arginine have been 
implicated as precursors for the C5 portion of the molecule it appears that 
when arginine and ornithine are supplied to the culture ( arginine in excess 
with respect to ornithine ), clavulanic acid production is increased. ( Figure 
24.0 ). However, this does not represent the situation observed when the 
amino acids are added individually where ornithine alone was found to be 
the most effective at elevating clavulanic acid titre. This observation is 
inconsistent with the latest reports in the literature that arginine is the direct 
precursor of clavulanic acid ( Valentine et al., 1993 ). Since many of those 
authors who have implicated either arginine or ornithine as precursors have 
observed that both can be readily incorporated into clavulanic acid it 
appears that the external concentration or supply of the amino acid is a 
controlling factor. The supply of the amino acid could therefore be 
expected to differ under different culture conditions such as the nature of the 
medium in which the organism is grown. 
However, supplementation of the phosphate limited medium with serine, 
doubled clavulanic acid production compared to an un supplemented 
control. This observation may indicate the significance of an adequate 
supply of C3 precursor to clavulanic acid production and this theme is 
explored further in Chapter 5.0. 
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3.5 Effect of amino acid additions to nitrogen limited media 
In addition to the supplementation of phosphate limited media with amino 
acids, a similar series of experiments wem.: T carried out in the synthetic 
nitrogen limited medium. Culture biomass concentration ( Figure 25.00 
clavulanic acid titre ( Figure 25. Ob) and specific productivity ( Figure 25. Oc ) 
were measured. 
Figure 25. Oa The effect of 10 mM amino acid additions to nitrogen limited synthetic 
medium on culture biomass concentration of S. clavuligerus. 
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The increased biomass levels achieved by supplementation of cultures with 
amino acids can be attributed to the additional carbon, and perhaps more 
importantly, nitrogen they supplied to the organism. The greatest increases in 
culture biomass concentration were observed with proline ( 1.7 times 
control ) and arginine ( 1.6 times control ) additions and the poorest with 
ornithine ( Figure 25. Oa ). Whilst biomass continued to increase with time, 
reaching a maximum at 96-120 hours, peak titre occurred in most of the 
supplemented media earlier at 72 hours. The only exception to this was 
ornithine supplemented cultures ( Figure 25. Ob ). 
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Figure 25-Ob Clavulanic acid production in nitrogen limited medium supplemented 
with 10 mM amino acids 
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Figure 25. Oc The specific productivity of clavulanic acid in nitrogen limited medium 
supplemented with 10 mM amino acids 
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In the ornithine supplemented medium, unlike the other additions, the 
production kinetics were reversed with titre decreasing with time. This may 
be a reflection of the ease with which uptake of this amino acid can 
proceed. Specific productivity of clavulanic acid ( Figure 25. Oc ) was 
calculated at 72 hours incubation and a "league table" generated ( Table 
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8.0 ). The results, in conjunction with Figure 25.0c, indicated the significant 
effect of these amino acid additions on the production of clavulanic acid, 
the greatest specific productivity being achieved with the only three 
carbon amino acid examined, serine. Table 8.0 shows that at 72 hours 
incubation time, ornithine and asparagine supplemented cultures produced 
specific titres lower than the control, whilst serine supplemented media had 
elevated specific productivity two fold over the control. 
Table 8.0 The effect of 10 mM amino acid additions to nitrogen limited synthetic 
media on the specific productivity of clavulanic acid at 72 hours. Figures in 
parenthes-, t show percentage improvement with respect to the un supplemented 
control medium. 
10 mM addition Clavulanic acid 
g per g biomass (% ) 
Serine 0.0117 ( 116 ) 
Proline 0.0082(52) 
Arginine 0.0074(37) 
Glutamine 0.007(30) 
Control 0.0054 
Ornithine 0.0051 (-5.5 ) 
As ara ine 0.004 ( -26.0 ) 
Supplementation of the medium with ornithine resulted in growth that was 
at the same level as the control ( Figure 25. Oa ) whilst asparagine addition 
clearly promoted biomass formation at the expense of clavuIonic acid. This is 
consistent with the observations that asparagine is an effective nitrogen 
source for S. clavuligerus, promoting not only growth but also the production 
of cephalosporin ( Aharonwitz and Dernain, 1977: Brana et al., 1985: Vining 
et al., 1987 ). 
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Perhaps of more significance is the fact that serine, which supported 
growth only slightly in excess of the control, was very effective at increasing 
titre. The inhibition of the growth of S. clavuligerus by 10 mM L-serine has been 
previously reported ( Minambres et al., 1991 )although these results are not 
consistent with this observation. The repressive effect of L-serine was 
exerted via its ability to inhibit the glycerol transport system of the organism 
which was specifically induced by glycerol. The results of this study cannot 
solely be attributed to a restriction of glycerol supply to clavulanic acid 
biosynthesis since carbon limited growth does not result in clavulanic acid 
production ( See Chapter 4.0 ). The higher titre of clavulanic acid associated 
with the presence of serine in this study may be a consequence of provision 
of C3 precursor to clavulanic acid production. This route ( Figure 15. Oa) may 
occur by serine entering the glycolytic pathway via 3-phospho -D-glycerate. 
This pathway may have great significance when the glycerol transport 
system is restricted and consequently glycolysis is restricted. 
3.6 Comparison of the eff ect of amino acid additions to phosphate and 
nitrogen limited media. 
When comparing the effect of amino acid additions on clavulanic acid 
production in the two different media , there are 
four possible fates of the 
amino acids which could be postulated to be involved. These are- 
1. The amino acid can supply the clavulanic acid biosynthetic pathway 
directly. 
2. The amino acids indirectly affect the supply of precursors or other factors 
for clavulanic acid biosynthesis, either positively or negatively. 
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3. The amino acids affects culture growth rate and this subsequently -ffect 
clavulanic acid biosynthesis. 
4. The amino acid has no effect or a negative effect on clavulanic acid 
biosynthesis 
Specific production of clavulanic acid per se was higher in phosphate 
limited media than in nitrogen limited media. Addition of amino acids to this 
medium failed to approach the titres achieved in the un supplemented 
phosphate limited medium. Under conditions of phosphate limitation, 
ornithine was the most effective amino acid at stimulating clavulanic acid 
titre. Under conditions of nitrogen limitation, ornithine appeared to be 
considerably less effective ( Figure 26.0) and was superseded by serine as 
the amino acid most effective at elevating titre. 
Figure 26.0 A comparison of the effect of 10 mM arginine, ornithine, glutamine and 
serine on clavulanic acid production in phosphate and nitrogen limited media. 
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Romero et al., ( 1986 ) reported that whilst ornithine promoted clavulanic 
acid production in a rich glycerol/proline/sucrose/glutamic acid medium, 
cephamycin synthesis was inhibited. In this study, no measurements of 
cephamycin concentration were made and although the nature of the 
growth rate limiting nutrient was not made clear in the study of Romero, the 
results concur with their findings. 
The inhibition of cephamycin synthesis observed by Romero et al., ( 1986 ) 
could be due to a metabolic competition between the two antibiotic 
biosynthetic pathways, although they provided no explanation for the 
results. It does seem reasonable to assume that there is a finite capability for 
the cell to support the expression of so many biosynthetic pathways in 
addition to maintaining its own needs. Clearly however, there appeared to 
be an incompatibility between clavulanic acid biosynthesis and 
cephamycin biosynthesis. Without measuring the residual cephamycin levels 
in culture supernatants it is not possible to determine if the results presented 
here reflect this hypothesis. It is of course possible that this effect is 
exacerbated under conditions of phosphate limitation. In the phosphate 
limited medium, where the total energy supply available to the organism 
( as measured by ability to generate ATP ) is low, the inhibition of the 
cephamycin pathway may have positive effects on clavulanic acid 
biosynthesis. This could be due to either a net increase in the supply of 
energy to the pathway directly, via a precursory pathway, or via a shunt of 
metabolites down energetically more favourable routes, which could 
favour clavulanic acid biosynthesis. 
The different levels of production in both nitrogen and phosphate limited 
media supplemented with and without amino acids are most likely to be due 
to different metabolic pathways induced by nutrient restriction as well as 
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restricted energy supply ( P-limited especially ). What remains unresolved is 
why ornithine is able to elevate titre in phosphate limited media and not 
nitrogen limited media. 
Whilst the presence of an arginase has been detected in S. clavuligerus, 
there is as yet no conclusive evidence to suggest that it is able to supply 
more precursors to clavulanic acid biosynthesis. A postulated role for 
arginase in the last steps of clavulanic acid biosynthesis ( Baldwin et al., 
1993b and Elson et al., 1993. See section 1.10) also remains to be proven. An 
arginase activity of the type associated with the urea cycle would promote 
the formation of ornithine from arginine, which induces the enzyme, although 
it was not measured in this study ( see Chapter 5 ). If this were the case, then 
this may offer an explanation for the dramatic titre increases achieved in 
ornithine supplemented phosphate limited culture. However, recent 
evidence shows quite clearly that it is arginine which is the direct precursor 
of clavulanic acid C5 moiety ( Valentine et al., 1993 ). Thus the interaction 
between both ornithine and arginine remains to be determined. 
The stimulation of clavulanic acid titre in phosphate limited media with 
glutamine was significantly higher than in the equivalent nitrogen limited 
media and it approached that of arginine, a direct precursor of the C5 half 
of clavulanic acid. In the nitrogen limited media, where available nitrogen is 
at a premium, the glutamine provides not only a readily metabolised source 
of nitrogen ( Vining et al., 1987) but is also a valuable source of precursors of 
other metabolites via glutamate. Increases in the available pool of 
glutamate can increase the supply of arginine and ornithine. Table 9.0 shows 
clearly how the presence of glutamine supported high culture biomass 
concentration in the nitrogen limited medium. In addition, it reflects how 
serious the metabolic restriction is for the organism when grown under 
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phosphate limitation. At its highest point the organism was able to generate 
8.5 times more biomass in an amino acid supplemented N-limited medium 
than in the equivalent phosphate limited medium. Of course, any different 
effects on culture growth rate must also be considered to have a potential 
role. 
Table 9.0 A comparison of the effect of amino acid addition to a nitrogen and 
phosphate limited media on culture biomass concentration after 96 hours 
incubation. 
10 mM Addition N-limited 
Biomass 1 
P-limited 
Biomass 1 
Increase over P-ltd 
media 
Ar inne 8.78 1.20 731 
Ornithine 6.19 1.05 589 
Glutamine 9.51 1.12 849 
Serine 7.47 1.25 598 
Control 6.03 0.98 615 
Production profiles under conditions of nitrogen limitation differed 
considerably to those of phosphate limitation, regardless of the presence of 
the amino acids. In the nitrogen limited media, clavulanic acid titre 
decreased with increasing incubation time, with the peak occurring within 
the first 72 hours. Under phosphate limitation, the reverse was true as titre 
increased with increasing incubation time. This could be due to reduced 
or altered uptake rates of the amino acids when phosphate is limiting. 
Currently amino acid uptake in Streptomyces is poorly understood. The 
active uptake of different amino acids by growing cells of Streptornyces 
hydrogenans has been shown to be correlated with the physiological age of 
the cells and be modulated by intracellular amino acid pools ( Langheinrich 
and Ring, 1976a ). Differences in the intracellular pool size and composition 
may be able to account for the differences observed since it has been 
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shown that neutral intracellular amino acids can inhibit amino acid uptake in 
Streptomyces hydrogenans ( Ring et al., 1970a and 1970b ). This 
phenomenon, if active in Streptomyces clavuligerus, may also explain why 
ornithine is able to promote clavulanic acid titre in phosphate limited media 
and not nitrogen limited media. This could be via the effects the two nutrient 
limitations have on the intracellular amino acid pools, in particular the neutral 
amino acids. A role for growth rate has also been implicated since the 
transport capacity for amino acids was correlated to growth rate of cells in 
chemostat culture ( Langheinrich and Ring, 1976b ). 
3.7 Amino acids as sole nitrogen sources for the growth of S. clavuligerus 
A range of amino acids were examined for their ability to act as sole 
nitrogen sources for the growth of S. clavuligerus. Shake flask culture was 
carried out as outlined in Chapter 2 over three time periods of 72,96 and 120 
hours incubation. Investigation of the metabolism of the amino acids was 
carried out in a medium not specifically designed to be nutrient limited in 
order to ensure that any subsequent effects on clavulanic acid production 
were not due to nutrient starvation (in particular nitrogen ). Final amino acid 
concentrations were added to balance the nitrogen content of media 
containing 7.0 g/V ammonium chloride ( equivalent to 1.83 gN per litre ). 
Carbon concentration was maintained at 60 g/I and the phosphate sources 
were at the same concentrations as described in Section 2.2. Culture pH was 
initially 6.50. 
The effect of amino acids as sole nitrogen sources on culture biomass 
concentration ( Figure 27. Oa ), clavulanic acid production ( Figure 27. Ob 
and specific titre( Figure 27. Oc are presented. 
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Figure 27.0a. The growth of S. clavuligerus on amino acids as sole nitrogen sources. 
Amino acids were added at a nitrogen content equivalent to 7.0 g/l ammonium 
chloride and culture pH was 6.50. 
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Figure 27. Oa clearly shows the unsuitability of glutamic acid ( Glu ) as a sole 
nitrogen source since it supported a culture biomass concentration that was 
considerably less than that observed in the control medium. The three 
carbon amino acid serine also performed poorly, supporting growth which 
was only slightly in excess of the control. The greatest culture biomass was 
achieved when asparagine was the sole nitrogen source and this probably 
reflects upon the ability of this amino acid to supplement more directly the 
anaplerotic pathways which favour formation of biomass, either directly or 
indirectly. Whilst this may be true of the amino acids alanine, arginine and 
glufamine, which all supported culture biomass concentrations well in 
excess of the control ( at their peak 4.1,2.58 and 3.9 times higher 
respectively) other factors like the ability to take up the amino acids may be 
significant in determining cell growth ( see previous section ). This may be 
true for the results shown when proline and arginine were the sole nitrogen 
sources since culture biomass increased with prolonged incubation. These 
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results reflected the trend observed by Vining et al., ( 1987 ), although they 
reported that growth on arginine as the sole nitrogen source was very 
similar to that observed for alanine and glutamine. 
In contrast, those amino acids which promoted high culture biomass 
concentration, produced clavulanic acid titres which were lower than for 
those which supported only moderate growth ( Figure 27.0b. ) 
Figure 27.0b. The effect of amino acids as sole nitrogen sources on the production of 
clavulanic acid 
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The highest production of clavulanic acid was achieved when alanine was 
the sole nitrogen source with glutamine and serine the next best. Production 
kinetics in the media with proline and arginine as the sole nitrogen source 
mirrored the profile observed for culture biomass in that it increased with 
prolonged incubation. However, the most significant effects can be 
observed when the specific production of clavulanic acid is examined as 
shown in Figure 27.0c. 
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Figure 27. Oc The effect of amino acids as sole nitrogen sources on the specific 
productivity of clavulanic acid. 
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The highest specific productivity of clavulanic acid was achieved when 
serine was the sole nitrogen source and it was at least twice that observed 
for the next best, glutamine. Arginine, the direct precursor of the C5 ring of 
clavulanic acid (Valentine et al., 1993) performed poorly and supported a 
specific production level marginally above that of the control. For the amino 
acids arginine, asparagine and proline, specific productivity remained more 
or less constant throughout the incubation period. In contrast, the highest 
specific productivity peaked early in both the serine and glutamine 
supplemented cultures and declined then after. Since the argument that the 
C3 precursor supply may be rate limiting to clavulanic acid production 
( section 3.4.1 ) the dramatic increase observed with serine addition ( Figure 
27. Oc) adds further credibility to this hypothesis. 
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3.8 Summary 
Amino acids as sole nitrogen sources do not support high productivity of 
clavulanic acid when compared to ammonium chloride: as the sole 
nitrogen source. This is probably a reflection of the needs of growth ( and 
maintenance energy ) being incompatible with that of clav'ulanic acid 
production. 
Of those amino acids examined, serine consistently elevated the specific 
titre of clavulanic acid. The reason for this is believed to be due in part to the 
ability of this amino acid to supplement the three carbon portion of the 
molecule. This hypothesis is developed further in Chapter 5.0 of this work. 
In addition, serine also supported low culture biomass concentrations 
( Figure 27. Oa ) indicating that it is a poor sole nitrogen source. This in itself 
may suggest that the supply of nitrogen to the culture was restricted and this 
induced high levels of clavulanic acid production. Nitrogen limitation has 
already been shown to induce clavulanic acid production. As a 
consequence of the restricted supply of nitrogen, the culture growth rate 
may also be severely restricted. Since many antibiotics are observed to be 
produced at zero or near zero growth rates this may also play a part in the 
mechanism. 
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4.0 Bioreactor Culture Studies 
4.1 Batch culture under nutrient limitation 
Synthetic nutrient limited media were further evaluated in bioreactor culture 
at pH 7.5 and production profiles established under the following nutrient 
limitations; Carbon, Nitrogen, Phosphate and Oxygen. 
4.1.1 Carbon limitation 
Under conditions of carbon limitation, clavulanic acid production was not 
detected by either agar diffusion bioassay or HPLC. Maximum culture 
biomass concentration was reached after 94.5 hours incubation and 
residual glycerol exhausted by 127 hours, corresponding to culture lysis 
( Figure 28.0 ). The maximum specific growth rate was 0.072h-1. 
Figure 28.0 The growth of Streptomyces clavuligerus in carbon limited ( 15 g/i 
glycerol ) synthetic medium at pH 7.5. Clavulanic acid was not detected. Both 
nitrogen and phosphate sources were demonstrated to be in excess ( not shown ). 
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4.1.2 Nitrogen limitation 
Under conditions of nitrogen limitation, clavulanic acid production was 
observed from the point just prior to nitrogen exhaustion ( Figure 29.0 ). 
Maximum culture biomass concentration however was reached some 40 
hours later and corresponded to complete nitrogen exhaustion in the 
medium. After this point there was a slow and steady decline in both the 
culture biomass concentration and the clavulanic acid titre. The maximum 
specific growth rate was 0.27 h-1 and maximum specific productivity of 
clavulanic acid was 0.013 g per g biomass. 
Figure 29.0 The growth of Streptomyces clavuligerus and production of clavulanic 
acid in synthetic nitrogen limited (1.5 g/I ammonium chloride ) medium at pH 7.5. 
Both carbon and phosphate sources were demonstrated to be in excess ( not 
shown ). 
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The steady decrease in the titre of clavulanic acid after nitrogen limitation 
occurred may be indicative of the instability of the molecule in the culture. It 
is also possible that when the nitrogen supply is short the wasteful loss of 
nitrogen ( via the C5 precursors arginine) in clavulanic acid is reduced by 
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the organism itself and thus it ceases to produce clavulanic acid. Many 
secondary metabolites are produced only transiently. 
4.1.3 Phosphate limitation 
The synthetic phosphate limited medium supported production of 
clavulanic acid at a maximum specific productivity of 0.030 g per g biomass. 
This was more than double that observed under conditions of nitrogen 
limitation. Maximum culture biomass concentration was reached after 117 
hours ( Figure 30.0) and the maximum specific growth rate was 0.13 h-1. 
Figure 30.0 The growth of Streptomyces clavuligerus and production of clavulanic 
acid in phosphate limited ( 0.1 g/l KH2PO4 ) synthetic medium at pH 7.5. Both 
carbon and nitrogen sources were demonstrated to be in excess ( not shown ). 
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Residual phosphate level in the medium did not reach an absolute zero and 
this was attributed to the sensitivity of the colourim=tr%c, assay and the slight 
yellow colotrcah«n ( which interfered with the assay ) of the culture 
supernatants. This would account for the continued increase in culture 
biomass concentration whilst the residual phosphate in the medium 
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appeared to remain constant. The onset of growth, as measured by biomass 
concentration, did coincide with a3 fold reduction in residual phosphate 
levels in the vessel. Since all other nutrients were in excess, phosphate was 
deemed to be the growth rate limiting nutrient. 
Of all the nutrient limitations examined, phosphate limitation promoted the 
highest specific titres. Lebrihi et al., (1987 ) demonstrated that the production 
of cephamycin and clavulanic acid by S. clavu! igerus is controlled by 
phosphate concentration. In the presence of 2 mM phosphate, the specific 
activity of cephamycin synththase, expandase and clavulanic acid 
synthetase were higher than in the presence of 75 mM phosphate. However, 
whilst there appeared to be a definite difference in activities at different 
phosphate levels, no differentiation in their paper between the activities of 
the so called clavulanic acid synthetase enzyme( s) and the cephamycin 
synthases were made, other than pro rata product formation rates. 
Phosphate appears to be a crucial growth-limiting nutrient in many antibiotic 
fermentations ( Martin and Demain, 1980 ). Concentrations ranging from 
0.3-300 mM generally support extensive cell growth, but concentrations of 
10 mM and above provide conditions in which the synthesis of many 
antibiotics does not take place ( Martin, 1977 ). The negative effect of 
phosphate on the production of cephamycin by S. clavuligerus 
( Aharonwitz and Demain, 1977 ), streptomycin by S. griseus ( Inoue et at., 
1982), thienamycin by S. cattieya (Liiley et a/., 1981) and vancomycin by S. 
orientalis ( Mertz and Doolin, 1972 ) has also been demonstrated ( see 
Chapter 1.2.3 ). 
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4.1.4 Oxygen restriction 
Data from oxygen restricted culture conditions were used to estimate the 
oxygen uptake rate of the organism under these conditions ( see section 
4.1.5 ). Clavulanic acid production in the oxygen restricted culture was not 
detected by either bioassay or HPLC assay. In order to maintain conditions of 
oxygen restriction culture dissolved oxygen was maintained at not more than 
25% saturation and a rich medium used (see section 2.2). Maximum dry cell 
weight obtained was 8.02 gIl ( Figure 31.0 ) and all other nutrients were 
demonstrated to be in excess before the point at which glycerol was 
exhausted. 
Figure 31.0. Growth of S. clavuligerus in a synthetic medium under conditions of 
oxygen restriction. Both ammonium chloride and phosphate were in excess ( data 
not shown) at the point at which carbon was exhausted. 
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When the results of this experiment were compared to those for carbon 
limitation ( see section 4.1.1 ) it suggested that oxygen limitation was not 
reached since at the point at which the carbon source was depleted 
( around 160 hours) the culture biomass concentration was three times that 
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observed for carbon limited culture. In order to truly establish conditions of 
oxygen limitation a second culture would be required, operated at a 
different dissolved oxygen concentration. This would allow a comparison of 
the two different conditions and an estimate of the bioreactor oxygen 
concentration at which oxygen becomes the growth rate limiting nutrient. On 
the basis of these results nothing more can be ascertained other than the 
fact that the bioreactor oxygen concentration (in this medium ) has to be 
below 25% saturation to achieve the required limitation. 
4.1.5 Estimation of the Oxygen uptake rate ( OUR ) 
Although the required oxygen limitation was not reached under the culture 
conditions employed, an estimate of the oxygen uptake rate was made 
using the exit gas oxygen concentration ( see Figure 31.0 ). The calculation 
was based therefore on the volumetric oxygen transfer rate. The parameters 
required to calculate the volumetric oxygen transfer rate at 124 hours 
incubation are shown below. 
Air flow rate 
Oxygen in exit gas 
Atmospheric pressure 
1.36 1 h-1 Vessel Volume 1.51 
15.5% Biomass conc. 3.64 gl-1 
756.04 mm Hg Temperature 24.0 0C 
On this basis, at 124 hours incubation, the organism was utilising oxygen at a 
rate of 0.07481 02 h-1 
Correction of this value for the vessel volume of 1.51 gives 
0.04986 102 h- I1 -1 
Correction of this value for the culture biomass concentration of 3.64 g gives 
0.0136996 102 h- I1 -1 g- I 
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Conversion of this value to standard temperature and pressure ( stp ) gives 
0.0125 1 at stp 
Since at stp, 22.4 litres contains one mole of gas, 0.0125 I contains 
0.00055 moles 02 I'1 h-1 g-1 
The estimated oxygen uptake rate is therefore 0.56tM®&t oxygen per litre per 
hour per gram. This value could then be used to estimate the oxygen 
requirements for an industrial scale culture in which the biomass 
concentration and the vessel volume are elevated. Greater accuracy can 
be achieved with this method if the oxygen content of the air is measured 
specifically and accurately by either paramagnetic resonance or mass 
spectrometry. This would rule out the effect of other gas interference. 
Little has been reported in the literature regarding the response of clavulanic 
acid production to nutrient limitation genera'ily, and in particular, oxygen 
limitation. Where studies have been made the production of cephalosporin 
C and cephamycin C have been the antibiotics of choice. Cephamycin C 
production by S. clavuligerus has been shown to be significantly affected 
by culture dissolved oxygen concentration ( Rollins et al., 1988 ), even 
when specific growth rate of the culture was not altered by maintaining the 
vessel at 50% and 100% dissolved oxygen. 
Under these conditions elevation of final antibiotic levels were two - and 
three-fold respectively. Similar results were observed when total 
cephalosporin production was monitored under 14% and 21% dissolved 
oxygen concentration ( Yegneswaran et al., 1988 ). Whilst antibiotic 
production was unaffected by reduced aeration for the first fifty hours, after 
growth had ceased, antibiotic concentration dropped by a factor of three. 
Since antibiotic concentrations were stable at the higher dissolved oxygen, 
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this may suggest that enzymes responsible for hydrolysing the antibiotic may 
be regulated by the aeration conditions. 
However, at the present time, much more is known of the pathway leading 
to the production of cephalosporins than for c{avulanic acid. Deacetoxy- 
cephalosporin C synthase ( Jensen et al., 1985, Rollins et al., 1988 and Dotzlaf 
and Yeh, 1989 ), deacetyl-cephalosporin C synthase ( Jensen et al., 1985, 
Baker et al., 1991) and clavaminate synthase ( Elson et al., 1987a, Sa'lowe et 
al., 1990 ) require ferrous iron and molecular oxygen for activity. In this 
respect, the formation of the clavulanic acid may have been limited by 
insufficient molecular oxygen for the activity of the enzyme, although there 
is no indication of the concentrations of molecular oxygen required. 
4.2 Comparison of the specific production of c'iavulanic acid under nitrogen 
and phosphate limitation 
Figure 32.0 shows the profiles of production of clavulanic acid under 
nitrogen and phosphate limitation. Whilst specific production per se was 
much higher ( 2.3 times greater under phosphate limitation than under 
nitrogen limitation, similar production kinetics were displayed in both media. 
The appearance of clavulanic acid in both the media studied was 
coincidental with the exhaustion of the growth rate limiting nutrient. The 
production kinetics under nitrogen limitation appear to be much more 
sensitive to the supply of the growth rate limiting nutrient than those of 
phosphate limitation where specific productivity continued to increase, 
even after the growth rate limiting nutrient was exhausted. This of course 
could be a reflection of the relative stability of the antibiotic in the two 
different media, although this seems less likely since the medium pH was the 
same in both cultures. In nitrogen limited conditions a much more rapid and 
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sustained decrease in specific productivity occurred with prolonged 
incubation. This was also in sharp contrast with the rapid decrease in specific 
productivity after 150 hours in the phosphate limited medium. 
Figure 32.0. A comparison of the specific production of clavulanic acid under 
conditions of nitrogen and phosphate limitation. Culture pH was maintained at 7.5. 
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4.3 Eff ect of ornithine addition on clavulanic acid production in phosphate 
limited batch culture. 
Elevation of titre with supplementation of the medium with 10 mM ornithine 
was demonstrated in shake flask culture. This effect was further evaluated in 
batch culture studies carried out at pH 6.5, where growth and production of 
clavulanic acid in the phosphate limited medium were shown to be better 
than at pH 7.5 ( see Section 3.2 ). 
When grown in batch culture in the presence of 10 mM ornithine, production 
of clavulanic acid appeared to be strongly correlated with growth as 
measured by dry cell weight ( Figure 32. Oa ). Residual phosphate was 
exhausted at around 90 hours incubation and this coincided with the peak 
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biomass concentration in the vessel. Clavulanic acid titre continued to rise 
until 125 hours and declined thereafter. The maximum specific growth rate 
was 0.1 h-1 and maximum specific productivity was 0.015 g clavulanic acid 
per gram biomass. Both glycerol and ammonium chloride were present in 
excess. 
Figure 32. Oa The growth of S. clavuligerus and the production of clavulanic acid in 
phosphate limited medium supplemented with 10 mM ornithine. Culture pH was 6.5 
and glycerol and ammonium chloride were in excess (not shown). 
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Clavulanic acid production in the ornithine supplemented medium at pH 6.5 
produced a specific productivity that was much lower than that recorded 
when the organism was cultured at pH 7.5 ( section 4.1.3) in the absence 
of exogenous ornithine ( specific productivity's were 0.015 and 0.026 g 
clavulanic acid per g biomass respectively ). The maximum specific growth 
rate of 0.1 h-' was however only slightly lower than that observed at the 
higher pH of 7.5 (0.13 h-1 ) when ornithine was not present. 
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A second batch culture study was carried out in the ornithine supplemented 
medium at pH 7.5 in order to compare the production kinetics at the two 
different pH values ( Figure 32.0b). 
Figure 32. Ob The growth of S. clavuligerus and the production of clavulanic acid in 
phosphate limited medium supplemented with 10 mM ornithine. Culture pH was 
maintained at 7.5 and glycerol and ammonium chloride were in excess (not shown). 
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The specific production of clavulanic acid in the ornithine supplemented 
medium at pH 7.5 was considerably lower than that observed in the same 
medium at a lower pH of 6.5. At pH 7.5, clavulanic acid titres were at least 
200 times lower than those observed when the pH was maintained at 6.5. 
Similar culture biomass concentrations were reached at both the different 
pH values yet the maximum specific growth rates were considerably 
different. The growth rate at pH 7.5 was twice that observed at the lower 
pH (0.21 h-1 at pH 7.5 compared to 0.1 h'H at the pH 6.5 ). 
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Figure 33.0 Comparison of the specific production of clavulanic acid in phosphate 
limited media supplemented with 10 mM ornithine at pH 6.5 and pH 7.5. 
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Whether the higher specific productivity at the lower pH can be attributed 
to the difference in pH, or more importantly the maximum specific growth 
rates obtained ( which could be influenced by the pH ) is unclear. Certainly 
these results indicate that irrespective of the pH differences, maximum 
specific productivity is associated with the culture exhibiting the lowest 
growth rates. Results presented in Chapter 3.2, demonstrated the instability 
of clavulanic acid in the phosphate limited medium at pH 7.5. The 
differences presented here in the presence of ornithine are so vast ( up to 
200 times) that it seems unlikely they can only be explained by pH mediated 
decay of clavulanic acid. This would therefore suggest that the pH effect is 
more immediately acting on either growth rate or via metabolic pathways 
which favour the production of clavulanic acid. 
These results also validated the selection of the lower pH of 6.5 for the 
cultivation of Streptomyces clavuligerus where clavulanic acid production 
was higher than in a medium of pH 7.5. 
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4.4 Summary 
Production of clavulanic acid by Streptomyces clavuligerus in batch culture 
occurred under conditions of nitrogen and phosphate limitation, but not 
under conditions of carbon limitation. An attempt to generate oxygen 
limitation in batch culture was not successful. The specific titre, expressed as 
grams of clavulanic acid produced per gram biomass, was highest when 
phosphate was the growth rate limiting nutrient in media which supported 
production. This reflected the behaviour observed in shake flask culture 
( Chapter 3.0 ). These results are consistent with those in the literature 
reflecting the sensitivity of clavulanic acid production to medium phosphate 
concentration( Lebrihi et al., 1987 ). 
When cultured under conditions of phosphate limitation, S. clavuligerus 
produced considerably less biomass than under equivalent nitrogen limiting 
conditions indicating the severe metabolic strain that phosphate restriction 
imparts on the organism. The specific reason for these difference has not 
been examined but it is speculated to involve differences in the overall 
energy charge ( via ATP, ADP, AMP ) available to the organism from a 
particular medium and thus the inability to support an efficient anabolic 
pathway (s). 
Differences between the ability to transport carbon ( glycerol) into the cell 
in the two media may also account for the poor biomass yield in phosphate 
limited media. Whilst reports of a constitutive and inducible glycerol 
transport system in this organism (Minambres et al., 1991 ) have been made 
there was no indication of the energetic requirements of this system. 
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The observed stimulation of clavulanic acid titre with the addition of 10 mM 
ornithine has also been reported in the literature ( Romero et a!., 1986) and 
this stimulatory effect appeared to be pH dependant. It is speculated that 
this is due to either a pH induced shift of metabolism favouring clavulanic 
acid production, or an effect mediated by growth rate ( this could be 
evaluated with chemostat culture ). This effect is almost certainly not due to 
stability of clavulanic acid in the medium (see Chapter 3.2 ). 
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PHOSPHATE LIMITED 
CULTURE 
I. Chemostat culture 
II. Intracellular amino acid pool composition 
Chapter 5 
5.0 Cultivation of S. clavuligerus in Phosphate limited media 
The behaviour of Streptomyces clavuligerus in phosphate limited chemostat 
culture was investigated over the growth rate range of 0.01 to 0.09 hr -1. 
Steady state biomass concentrations and clavulanic acid titres achieved 
after at least four volume changes were monitored over a period of at least 
one additional volume change. The production of clavulanic acid across 
the growth rate range is shown in Figure 34.0. 
Figure 34.0 The growth of S. clavuligerus and the production of clavulanic acid in 
phosphate limited chemostat culture. Culture pH was maintained at pH 6.5 and 
vessel volume was 1.2 litres. 
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The highest specific production of clavulanic acid occurred when the 
growth rate was 0.03 h-1 and production of the antibiotic decreased almost 
linearly as the growth rate increased to 0.05 h-1. After this point the specific 
productivity continued to rise as the growth rate increased from 0.05 to 
0.07 h-1, where after it decreased again. These results would appear to 
suggest that growth rate is important in determining clavulanic acid titre. At 
the lowest growth rate examined of 0.01 h-1, specific clavulanic acid titre 
115 
Chapter 5 
reached its lowest value observed, indicating that if growth rate is a 
controlling variable then it is over a narrow and specific range. 
At these low growth rates, where medium inflow to the vessel is very low 
the mixing characteristics of the vessel could have a significant c ffect on 
the distribution of fresh medium throughout the culture and consequently 
effect biomass concentration. Since, however, the biomass concentration 
at this point was only marginally lower than its maximum observed 
concentration this would appear not to be a significant a factor. 
Despite the generation of the "steady state" data, culture biomass 
concentration varied considerably with growth rate such that the highest 
biomass concentrations were recorded when the growth rate was in the 
range of 0.01-0.03 h-I H. 
The yield of biomass on the growth rate limiting nutrient phosphate, is shown 
in Table 10.0. The results show that yield varied with dilution rate and thus 
mirrored the profile of, not surprisingly, culture biomass concentration. In 
addition, phosphate uptake rate (Q phosphate) increased with increasing 
growth rate. In the past, it was initially assumed that the yield value was 
independent of the growth rate ( Herbert et al., 1956 ), but subsequent 
experiments have shown this assumption to be invariably invalid ( Tempest, 
1970 ). One drawback of the application of a yield function is that is does not 
take into account the maintenance energy requirements of the organism 
which also may vary with growth rate. This has prompted a modification to 
the yield equation which includes an estimate of the maintenance energy 
requirement. The observed discontinuities in the relationship between 
clavulanic acid production and dilution rate and biomass and phosphate 
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yield and dilution rate may be indicative of a changing maintenance 
requirement across the growth rate range. 
Table 10.0. The effect of growth rate on (I) the utilisation of phosphate and (II ) 
phosphate uptake rate by S. clavuligerus in phosphate limited chemostat culture. 
Figures in parenthesis show percentage utilisation of substrate. 
Growth rate 
( h" 1) 
Phosphate used 
g/l (% of added) 
g phosphate per g 
biomass 
Q Phosphate 
0.01 0.088(88) 10.9 0.11 
0.03 0.092 (92) 13.36 0.40 
0.04 0.098 (98) 8.67 0.35 
0.05 0.076 (76) 6.57 0.32 
0.06 0.086 (86) 8.13 0.48 
0.07 0.097 (97) 7.73 0.54 
0.09 0.096 (96) 9.68 0.87 
5.1 Intracellular analysis - free amino acid pool 
Using cell free extracts prepared from freeze dried portions of culture 
biomass ( see section 2.6.1 )a profile of the intracellular amino acid pool 
across the growth rate range was obtained. The results are presented in 
Table 1 1.0. 
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Table 11.0. Composition of the intracellular pool of amino acids of S. clavuligerus 
grown in a phosphate limited chemostat at different growth rates. Figures are 
expressed as mg of amino acid per mg of culture biomass. The HPLC procedure 
employed for this analysis was unable to resolve proline or hydroxyproline since they 
did not react with the OPT-thiol reagent. Asparagine could not be resolved by this 
procedure, although it would react with the reagent. Thus it was assumed that its 
concentration was either zero or below the detection limit of the assay. 
Growth rate (h'" 
Amino acid 0.03 0.04 0.05 0.06 0.07 0.09 
asp 1.69E-05 1.46E-05 5.86E-06 5.46E-07 9.2E-06 7.45E-06 
glu 0.000397 0.000349 0.000242 0.000177 0.000269 0.000199 
ser 5.53E-05 2.02E-05 1.31 E-05 1.13E-05 1.24E-05 6.91E-06 
his 3.22E-05 4.72E-05 3.82E-05 1.16E-05 2.07E-05 2.03E-05 
thr 1.28E-05 0 0.000037 0 0 0 
arg 0.000116 2.91 E-05 5.12E-05 3.55E-05 4.22E-05 3.83E-05 
ala 0.000129 5.29E-05 8.34E-05 6.67E-05 4.53E-05 4.82E-05 
tyr 0.000236 0.000192 0.000196 0.000231 0.000186 0.000162 
cys 0.000474 0.000427 0.000412 0.000453 0.000417 0.000421 
t 6.47E-05 0.000833 0.001038 0.000433 0.00088 0.000576 
met 4.74E-05 3.03E-05 3.57E-06 3.34E-05 1.98E-05 1.02E-05 
val 1.63E-05 2.21 E-05 6.36E-06 1.63E-05 9.83E-06 9.74E-06 
he 3.09E-05 3.37E-05 1.1E-05 4.66E-05 1.25E-05 7.2E-06 
He 2.42E-05 2.08E-05 0 1.16E-06 1.21 E-05 0 
leu 3.18E-05 1.53E-05 0 1.58E-06 2.73E-06 0 
orn 4.02E-06 1.18E-05 4.91 E-05 4.36E-06 9.96E-06 7.35E-06 
s 0.000242 2.45E-05 9.42E-06 2.12E-05 1.22E-05 1.96E-05 
Sum 0.00193 0.002122 0.004495 0.001543 0.00196 0.001532 
The results showed that glutamate constituted upto 21% of the intracellular 
pool of free amino acids at a growth rate of 0.03 h-1, whilst it was only 5% of 
the total pool at a growth rate of 0.05 h'I (Table 12.0 ). 
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Table 12.0. The percentage composition of glutamate in the free amino acid pool of 
S. clavuligerus grown in phosphate limited chemostat culture. 
Growth rate 
(0) 
Total amino acid 
pool 
(m m biomass ) 
Glutamate 
(mg/mg biomass) 
% composition of 
glutamate in pool 
0.03 0.00193 0.000397 20.57 
0.04 0.002122 0.000349 16.44 
0.05 0.004495 0.000242 5.37 
0.06 0.001543 0.000177 11.46 
0.07 0.00196 0.000269 13.72 
0.09 0.001532 0.000199 12.99 
Glutamate has been identified as a predominant amino acid in the microbial 
amino acid pool in a number of bacteria. Brana et al., ( 1986) reported that 
glutamate contributed a major part of the free amino acid pool in 
exponential phase shaken flask cultures of S. clavuligerus grown on 
ammonium chloride (80 mM ) as the sole nitrogen source. Tempest et al., 
(1970) calculated that glutamate accounted for between 52 and 89% of 
the total amino acid content of a wide range of gram positive and gram 
negative bacteria. The valves presented here are lower than those 
reported in the literature although previous studies on this organism ( Brana 
et al., 1986 ) have utilised a medium designed to be nitrogen limiting and 
results cannot be accurately compared. 
In addition to the high level of glutamate in some of the samples, cyst 
also formed a large part of the intracellular pool of free amino acids. 
However, unlike the intracellular glutamate concentration, the intracellular 
concentration of cyst' i remained more or less constant across the dilution 
rate at around 20-27% of the total amino acid pool ( Table 13.0 ). Similar to 
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those results obtained with glutamate, the intracellular proportion of cyst-- 
at a growth rate of 0.05h-1 was considerably reduced. 
Table 13.0. The percentage composition of cystine in the free amino acid pool of 
S. clavuligerus grown in phosphate limited chemostat culture. 
Growth rate 
(0) 
Total amino acid 
pool 
mg/mg biomass ) 
Cyste it 
(mg/mg biomass) 
% composition of 
cystine in pool 
0.03 0.00193 0.000474 24.5 
0.04 0.002122 0.000427 20.1 
0.05 0.004495 0.000412 9.16 
0.06 0.001543 0.000453 29.3 
0.07 0.00196 0.000417 21.3 
0.09 0.001532 0.000421 27.5 
Since the proportion of cyst 'nt remained more or less constant across 
the rest of the dilution rate range ( and biomass concentration also varied ) 
it seems likely that it is more a reflection of the metabolic activities of the 
organism at that particular growth rate, rather than either an indicator of 
growth of c'lavulanic acid biosynthesis. 
Variations in glutamate concentration in the free amino acid pool across 
the growth rate range are coincidental with variations in the specific 
productivity of clavulanic acid. Peak specific productivity is observed 
when the percentage of glutamate in the pool is at its highest and 
conversely, a low point in the pool of glutamate is coincidental with a low 
point in specific productivity ( Figure 35.0. ). 
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Figure 35.0. The effect of growth rate on I) the specific production of clavulanic 
acid and ( II ) the concentration of intracellular glutamate in S. clavuligerus 
cultivated in phosphate limited chemostat culture. 
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Variations in the intracellular glutamate concentration may be due to 
either difference in growth across the growth rate range or alternatively 
direct or indirect consequences of clavulanic acid production. Since the 
concentration of glutamate was expressed as a function of the biomass 
produced ( and thus standardised for differences in biomass) it seems more 
likely that these variations could be a reflection of the different 
productivities of clavulanic acid across the growth rate range. 
As glutamate is a precursor of arginine, the amino acid which has been 
shown to proceed directly to the C5 portion of clavulanic acid ( Valentine 
et al., 1993) increased availability of this precursor could potentially increase 
the supply of available arginine for clavulanic acid biosynthesis. Since 
glutamate is also a precursor of ornithine ( Figure 12.0 ) the additional flow of 
metabolites through the urea cycle derivatives could also have a stimulatory 
effect on clavulanic acid production. This effect could of course be a direct 
promotion of clavulanic acid biosynthesis, or indirectly via the ability of 
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glutamate to compensate for the drain of other metabolites. This drainage 
could be into either clavulanic acid biosynthesis or other cellular biosynthetic 
pathways. In this respect, the observed growth rate mediated control of 
clavulanic acid biosynthesis could be viewed as a growth rate at which the 
flow of metabolites favours clavulanic acid formation. 
5.1.1 Intracellular arginase activity 
Examination of the levels of intracellular arginine and ornithine possibly 
provide additional evidence to suggest that glutamate is able to increase 
the supply of intracellular arginine for clavulanic acid biosynthesis ( Figure 
36-0). 
Figure 36.0. The effect of growth rate on the intracellular concentration of arginine 
and ornithine for S. clavuligerus grown in a phosphate limited chemostat. 
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At growth rates where the intracellular glutamate concentration was high 
( most notably at 0.03 h-1 ), there was also a high level of intracellular 
arginine whilst ornithine concentration appeared to follow the reverse 
trend. The intracellular concentration of arginine remained approximately 
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constant at growth rates in excess of 0.06 h -1. If additional glutamate is able 
to proceed through to arginine, which represents the end point of the 
biosynthetic pathway ( Figure 12.0 ), then the levels of intracellular ornithine 
would also be expected to be low when arginine concentration is high. 
This would be due to the fact that it does not accumulate in the cell, but is 
converted through to arginine. Caveats of this argument are that it assumes 
that all the available ornithine provided proceeds to arginine and that the 
drain of ornithine itself is compensated for. Since the cycling of these amino 
acids can occur via the urea cycle, lack of ornithine, in the presence of 
excess arginine could be compensated for by an arginase enzyme. Thus, 
one could expect, therefore, the activity of the arginase to be high when 
the ornithine concentration is low, since it would be acting to compensate 
for the loss of ornithine to arginine. This has been shown to be a controlling 
mechanism in Bacillus subtilis ( Issaly and Issaly, 1974 ). However, intracellular 
analysis could not detect the presence of free urea ( released from arginase 
mediated cleavage of arginine to ornithine and urea ) in the cell extracts 
and there is no evidence at present to indicate the intracellular level of 
ornithine which has to be reached before the arginase can act to provide 
additional ornithine from arginine. There is also no evidence to suggest that 
the level has been reached in this study. However, examination of arginase 
activity across the growth rate range does not suggest that it is more active 
when the ornithine concentration is low ( relative to arginine) ( Figure 37.0 ). 
123 
Chapter 5 
Figure 37.0 The effect of growth rate on the intracellular concentration of arginine, 
ornithine and arginase activity of S. clavuligerus cultivated in phosphate limited 
che'mostat culture. Arginase activity is expressed as mg of ornithine produced per 
mg biomass per hour on cell free extracts incubated at 370 C. 
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Specific production of clavulanic acid was at its lowest when the arginase 
activity was at its highest ( growth rate 0.05 h-I ) but it has not been 
determined whether this is a direct or indirect consequence of reduced 
antibiotic production, or growth. After this point decreasing arginase 
activity is mirrored by a steady increase in specific productivity upto a 
growth rate of 0.07 h-' where after no further arginase activity could be 
detected. This would suggest that it does not have a significant controlling 
effect on clavulanic acid production at these growth rates and is perhaps 
only required to compensate for the drain of metabolites induced by 
clavulanic acid biosynthesis. 
The presence of an arginase activity in S. clavuligerus has been widely 
reported ( Romero et al., 1986, Bascaran et al., 1989q) in the literature 
although it has not yet been possible to tie its activity directly to the 
biosynthesis of clavulanic acid. This work also suggests that there is little 
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correlation between arginase activity and clavulanic acid production. There 
is some speculation regarding the presence of an arginase type activity in 
the final stages of the formation of clavulanic acid ( Elson et al., 1993 and 
Baldwin et al., 1993b ) although the possibility of a multifunctienai; enzyme 
( active in both the formation of ornithine and the catalysation of the 
formation of proclavaminic acid-Figure 14.0) has not been determined ( see 
Section 1.10 ). Where arginase activities have been recorded, they cannot 
be specifically attributed to a part of the biosynthetic pathway. 
The results do however indicate that there is a continual expression of 
arginase activity in the absence of additional arginine in the medium. This in 
itself agrees with the findings of Romero et ad., ( 1986 ) who measured low 
levels of arginase activity in cultures grown in a glycerol based medium, in 
the absence of exogenous arginine. Thus, the lac'k of correlation between 
arginase activity and clavulanic acid biosynthesis maybe a reflection of 
the transient, unstable expression of the enzyme in the absence of additional 
arginine. 
The arginase activity recorded by Romero et al., ( 1986 ) was greater 
when arginine was added to the medium. This would suggest that arginase 
may be induced and this has also been reported for Klebsiella aerogenes 
( Friedrich and Magasanik, 1978 ). Arginase is also induced in 
Saccharomyces cerevisiae ( Whitney and Magasanik, 1973 ) and 
Streptomyces clavuligerus ( Bascaran et al., 1989 ) 
Many reports in the literature have shown that either arginine or ornithine 
can be used to make clavulanic acid ( Townsend and Ho, 1985: Romero et 
al., 1986 ) and perhaps these results merely reflect the organisms ability to 
select the most suitable pathway for production depending on the 
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prevailing nutritional and physiological conditions, which are determined by 
the growth rate. 
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5.2 Data analysis 
Further analysis of the chemostat data was carried out using a multivariate 
analysis technique so that trends within the amino acid pool data could be 
compared to trends within the clavulanic acid data across the whole 
growth rate range. 
5.2.1 Cluster analysis ( Hair et al., 1995 ) 
Cluster analysis is a multivariate technique used to group objects based on a 
number of characteristics. The degree of similarity between all of the 
characteristics of each case to those of every other case is calculated. This 
similarity coefficient is then used to calculate a hierarchical linkage map (a 
dendrogram ) in which the relationship of all cases to each other can be 
visualised. The resulting clusters of objects should then exhibit high internal 
( within-clusters ) homogeneity and high external ( between-clusters ) 
heterogeneity. If plotted geometrically, the objects within clusters will be 
close together and different clusters will be far apart. 
One aspect of the applications of cluster analysis to experimental data is 
the sensitivity of distance measures to differing scales or magnitude among 
the variables. Since there were significant variations in the original data from 
parameter to parameter the results were transformed by standardisation. 
This technique is achieved by subtracting the mean and dividing by the 
standard deviation for each variable. The mean and standard deviation of 
each data set was calculated from each row in the table. The standardised 
results are shown in Table 14.0. 
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Table 14.0. Intracellular pool concentration of free amino acids transformed 
by standardisation. Original data was expressed as mg amino acid per mg biomass. 
Growth rate h-1) 
Amino acid 0.03 0.04 0.05 0.06 0.07 0.09 
asp 1.310388 0.924355 -0.54257 -1.43448 0.018015 -0.27571 
glu 1.394082 0.837994 -0.40162 -1.15466 0.22398 -0.89978 
ser 1.98166 0.01855 -0.37855 -0.47922 -0.4177 -0.72475 
his 0.290428 1.426888 0.745012 -1.27031 -0.58086 -0.61116 
thr 0.300736 -0.55469 1.918028 -0.55469 -0.55469 -0.55469 
arg 1.987403 -0.71323 -0.02642 -0.51433 -0.30611 -0.42731 
ala 1.828701 -0.56724 0.393026 -0.13276 -0.80652 -0.71521 
tyr 1.258976 -0.30144 -0.15959 1.081655 -0.51423 -1.36537 
c vs -0.36976 -0.42043 -0.4418 -0.3924 -0.43121 -0.42689 
try -1.61099 0.548771 1.130666 -0.57566 0.680892 -0.17368 
met 1.443726 0.383637 -1.27345 0.575817 -0.2673 -0.86243 
val 0.493386 1.493376 -1.22039 0.493386 -0.62212 -0.63764 
phe 0.461266 0.639411 -0.80483 1.460146 -0.7094 -1.0466 
He 1.322385 1.012095 -0.88615 -0.78029 0.218116 -0.88615 
leu 1.819889 0.527335 -0.67121 -0.54744 -0.45736 -0.67121 
orn -0.60337 -0.15251 2.009088 -0.58367 -0.25914 -0.41039 
s 1.494767 -0.56577 -0.70864 -0.59704 -0.6823 1.058975 
ca 1.534281 0.7361 -0.99329 -0.35475 0.070949 -0.99329 
Following the standardisation, the data were used to calculate intracellular 
production rates of the amino acids and compare those to the clavulanic 
acid production rates. It was then possible to construct a high resolution 
dendrogram which provided a graphical representation of the results of the 
clustering. This dendrogram is shown in Figure 38.0. 
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Key to dendrogram terms 
1. Euclidian measure 
The euclidian distance is the most common measure of similarity between 
two objects and is essentially a measure of the length of a straight line 
drawn between two objects. 
2. Average linkage 
A single linkage procedure is based on the minimum distance between 
two individuals and places them in the first cluster. The next shortest 
distance is then found and so on. The average linkage is a measure of the 
average distance from all individuals in one cluster to all individuals in 
another. This method is not affected by extreme values since partitioning 
is based on all members of the cluster. 
Figure 38.0. High resolution dendrogram using a euclidian distance measure and 
average linkage technique to represent cluster analysis of free amino acid pool 
data as expressed as production rates. 
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Thus those amino acids which were most closely correlated to the clavulanic 
acid production rate , are those in which the cluster distance ( y-axis 
) is 
the lowest around the clavulanic acid cluster. These amino acids are 
isoleucine, leucine, serine, glutamate and asparagine, with isoleucine being 
the most strongly correlated with antibiotic production. 
One drawback of this analytical procedure was observed during its 
application to data in which zero values were present. Initially, asparagine 
values were entered into the cluster as zero since they were not detected 
by HPLC assay, although it was possible to resolve this amino acid. 
Subsequent dendrogram data analysis showed that asparagine was most 
highly linked to specific clavulanic acid production even though none was 
detected. This phenomenon was attributed to the fact that the cluster 
analysis is a measure of variance of one set to another and as such if one 
set does not vary (i. e. all zero the dendrogram rates this as a high linkage 
cluster. A limitation of using the average linkage method is that it tends to 
combine clusters with variances which are either small or similar. In order to 
further validate the observation made by cluster analysis, the data was also 
subjected to another measure of correlation analysis, a Spearman's Rank 
Correlation Coefficient. This technique is based on a rank assigned to one set 
of data on the basis of increasing order of magnitude and its comparison to 
another set, ranked in the same way. The correlation coefficient, p, derived 
is therefore a measure similarity between the two sets of data and high 
values of p indicate a high correlation. 
The Spearman's Correlation coefficient values are shown in Table 15.0. All 
amino acid concentrations ( mg per mg biomass) were compared against 
specific titre of clavulanic acid. 
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Table 15.0. A selection of the Spearman's Rank correlation coefficients for 
intracellular amino acid concentration versus specific productivity of clavulanic 
acid. 
Amino acid Spearman's Coefficient 
He 1 
leu 1 
glu 0.81 
asp 0.80 
ser 0.76 
he 0.58 
tyr 0.47 
his 0.36 
ala 0.24 
thr 0.11 
arg 0.1 
cs -0.01 
orn -0.38 
t -0.44 
Further evaluation of the data using the Spearman Is correlation 
coefficient confirmed many of the observations made by the cluster 
dendrogram. Those amino acids which lie to the right of phenylalanine on 
the dendrogram ( phe, val, tyr, cys, orn, thr, his, try, arg, ala and lys ) were 
shown by both methods to be poorly related to specific clavulanic acid 
production rate ( i. e. the dendrogran cluster distance was large and the 
correlation coefficient was small ). Similarly, those amino acids which were 
rated highly by the dendrogram ( ileu, leu, ser, glu and asp ) gave high 
correlation coefficients (1.0,1.0,0.76,1.0,0.81 and 0.81 respectively ). 
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5.3 Evaluation of dendrogram linkage model 
Since both the dendrogram and the Spearman's Rank correlation 
coefficient suggested amino acids which were significantly linked to 
clavu'Ianic acid production rate, a series of additional chemostat studies 
were undertaken in which a selection of amino acidswere fed to cultures. 
Chemostats were operated as previously described at a growth rate of 
0.03 h-1. This was the growth rate at which the highest specific rate of 
production of clavulanic acid was observed in an un-supplemented medium 
( see Section 5.0 ). The following amino acids at 10 mM concentrations were 
fed to the cultures; 
0 Arginine 
" Isoleucine 
0 Leucine 
" Serine 
Valine 
The effect these amino acid feeds had on culture biomass concentration 
and clavulanic acid titre are shown in Figure 39.0a. The presence of the 
amino acid had little effect on the growth of the organism in the medium 
and similar biomass concentrations to the control value were recorded. 
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Figure 39.0a. The effect of amino acid feeds on the production of clavulanic acid in 
a phosphate limited chemostat operated at a growth rate of 0.03 h'1. 
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Of those amino acids fed to the culture, arginine was identified by cluster 
analysis ( and Spearman's correlation coefficient ) to be the most poorly 
related to increased specific productivity. Experimental results confirm that 
this observation was true since arginine produced a specific titre that was 
the same as that of the control ( 0.022 g clavulanic acid per g biomass ) 
medium in which no additional amino acids were provided (Figure 39. Ob ). 
0.05 
Figure 39. Ob The effect of amino acid feeds on the specific productivity of 
clavulanic acid in a phosphate limited chemostat operated at a dilution rate of 
0.03 h-1. 
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Valine feeding resulted in a 45% increase in the specific productivity over the 
control medium. Valine was more highly correlated with antibiotic 
production than arginine and less than the isoleucine / leucine / serine 
group. The specific titre obtained on feeding this amino acid paralleled the 
cluster analysis, i. e. greater than arginine and less than isoleucine / leucine 
and serine. These results indicate a novel use for cluster analysis in the 
prediction of feed composition. Isoleucine, leucine and serine all produced 
the same specific titre of 0.039 g clavulanic acid per gram biomass when fed 
and this represented a 77% increase over that of the control medium. Cluster 
analysis positioned these amino acids adjacent to clavulanic acid. Whilst the 
cluster analysis directly linked isoleucine to maximum clavulanic acid 
production rate the very close proximity of the next best cluster 
leucine and serine, is consistent with the observation that there is little 
difference in the effects of feeding these amino acids to the cultures. 
Whilst the results agree'closely with the predictions made by cluster analysis, 
it is interesting to point out the difference in the nature of the amino acids 
fed to the culture. Arginine, a direct precursor of clavulanic acid itself, was 
the only basic amino acid of those fed, the remaining amino acids were all 
characterised by an aliphatic side chain moiety. This itself may be a 
contributing fact in explaining the experimental results observed if it is 
assumed that the amino acid transport / uptake mechanism is influenced by 
the character of the amino acid. The poor stimulation of titre with arginine 
could therefore be due to its inability to be transported into the cell as 
effectively as the others. Although it was not examined in this study, an 
indication of the transport capacity could be obtained by measurement of 
the residual amino acid concentration in the culture. 
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In addition, the relative performance of each of the amino acids could not 
only be a reflection of the ability of the organism to assimilate the amino acid 
but also its ability to catabolise it once it has been transported into the cell. 
Since this aspect was not studied it would make an interesting area for future 
studies. 
5.4 Intracellular analysis of amino acid fed cultures 
On the basis of the relative performance of the amino acids feeds in the 
previous section a simplified biochemical model was mapped for the 
organism. This model, based on the existing microbial biosynthetic pathways 
was used to provide an indication of the pathway flux of metabolites 
through the organism but more importantly, to identify those fluxes which are 
important to clavulanic acid biosynthesis. This model is shown in Figure 40.0 
and it provided the basis to explaining the different effects of amino acid 
addition on clavulanic acid production. 
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Figure 40.0. A stylised pathway model showing the biosynthetic steps which are 
important to clavulanic acid biosynthesis. Figures given in the amino acid 
compartments represent the specific productivity of clavulanic acid ( grams per 
gram biomass) produced when that amino acid was fed to the chemostat culture. 
The value given for glycerol represents the control productivity achieved in the 
absence of additional amino acid feeds. 
from pyruvate 
glucose 2-oxoglutarat Glut - ý, 
OH acetone -ý Glycerol Omithine 
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C3 Supply 
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5.4.1 Leucine/Isoleucine fed culture 
Asparagine 
Figure 41.0 and 42.0 show the effect of a 10 mM leucine and isoleucine feed 
on the intracellular profile of free amino acids. All plots show the relative 
amino acid pool size (µmole/g biomass) with respect to a non fed control. 
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Figure 41.0 The relative amino acid pool size ( µmole/g biomass ) of a leucine fed 
chemostat culture. 
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Figure 42.0 The relative amino acid pool size (µmole/g biomass) of a Isoleucine fed 
chemostat culture. 
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The intracellular profiles revealed that excess leucine appears in cultures fed 
leucine, whilst excess isoleucine appeared in cultures fed this amino acid 
( Figures 41.0 and 42.0 ). The presence of these amino acids in the amino 
acid pool would inhibit the de novo biosynthesis of them both, via feedback 
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inhibition. The decreased concentration of isoleucine in the leucine fed 
culture and leucine in the isoleucine fed culture is presumably due to 
multivalent repression of the biosynthetic enzymes ( Biochemistry of Bacterial 
Growth, Mandelstam, McQuillen and Dawes ed. ). 
On the basis of the pathway model shown in Figure 40.0, feeding of both 
these amino acids would alleviate the drainage of pyruvate and will hence 
increase the potential supply of the C3 precursor ( glycerol ) for c'iavulanic 
acid biosynthesis. The elevated concentration of both ornithine and 
glutamate would be consistent with the assumption that the reduced drain 
of pyruvate could increase the supply of oxoglutarate, resulting in 
increased arginine. However, the observed decreased arginine 
concentration would be consistent with a greater conversion rate to 
clavulanic acid, effected by the increased availability of the C3 unit. This 
hypothesis would require that the supply of the C3 precursor is rate limiting on 
clavulanic acid biosynthesis and not the arginine concentration ( Valentine 
et al., 1994, showed arginine to be direct precursor of C5 portion of 
clavulanic acid ). The observed increased ornithine concentration is also 
consistent with this hypothesis. 
5.4.2 Arginine fed cultures 
Feeding arginine to the culture ( Figure 43.0) resulted in the elevation of the 
intracellular pool of free arginine. Increase in the intracellular concentration 
of fed amino acids was also observed in the leucine and isoleucine fed 
cultures. Excess arginine inhibits the biosynthesis of ornithine from glutamate 
via the inhibition of glutamate acetyltransferase and the increased 
glutamate pool is consistent with this observation 
%ýIandeýSfaM QEaºý. ý 
, 
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Figure 43.0 The relative amino acid pool size ( µmole/g biomass) of a arginine fed 
chemostat culture. 
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Even though arginine is a direct precursor of the C5 ring of clavulanic acid, 
the lack of an increase in clavulanic acid production under conditions 
when it is supplied provides further evidence to suggest that the C3 supply is 
rate limiting to clavulanic acid biosynthesis. 
5.4.3 Valine fed culture 
The effect of feeding 10 mM valine on the intracellular pool of free amino 
acids is shown in Figure 44.0. 
Examination of the biosynthetic pathway model ( Figure 40.0 ) suggests that 
feeding valine would have a similar effect on the supply of pyruvate to that 
suggested for the leucine feed i. e. alleviate the drainage of pyruvate and 
hence increase the potential supply of the C3 ( glycerol ) precursor for 
clavulanic acid). The difference in the specific productivity obtained with the 
two amino acids suggest that the pyruvate requirements to satisfy valine 
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Figure 44.0 The relative amino acid pool size ( µmole/g biomass) of a valine fed 
chemostat culture. 
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biosynthesis are presumably less than those for either leucine or iosoleucine. 
Hence the lesser contribution of excess valine to pyruvate conservation 
and subsequently clavulanic acid production. This hypothesis is supported 
by examination of the level of ornithine which is higher than for either the 
leucine or isoleucine fed culture. This implies that an increase in part of the 
C5 precursor molecules is not in itself sufficient to effect an increase in 
clavulanic acid biosynthesis and gives further credence to the idea that the 
supply of C3 precursor is rate limiting for clavulanic acid production. 
5.4.4 Serine fed culture 
The effect of feeding 10 mM serine on the intracellular free amino acid pool 
is shown in Figure 45.0. Elevation in the concentration of intracellular serine 
was observed with this culture, an effect, not observed with the other feeds. 
No evidence in the literature exists to demonstrate the repression of the 
biosynthetic enzymes by serine and this is presumably due to it being a 
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valuable precursor of one carbon units for molecules like the purines, 
thymine, histidine and methionine. The pathway model suggests that serine 
supply would alleviate the drain of the C3 pathway leading to clavulanic 
acid formation, as was the case with leucine and isoleucine. The same 
antibiotic titre increase was obtained with serine as that observed with 
leucine and isoleucine. 
Figure 45.0 The relative amino acid pool size ( µmole/g biomass of a serine fed 
chemostat culture. 
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5.5 Summary 
Cluster analysis of the intracellular profile of free amino acids in S. clavuligerus 
identified a number of amino acids with various correlations with clavulanic 
acid titre, which could be directly correlated to the production of 
clavulanic acid. The subsequent feeding of these amino acids to a culture 
resulted in an elevation of clavulanic acid titre above that of an un-fed 
culture. This elevation in titre was consistent with the prediction made by 
cluster analysis. 
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The feeding of additional serine, a three carbon amino acid, to the 
chemostat culture appears to support the early hypothesis discussed in this 
work that it is able to supplement the 3 carbon (ß-Lactam ) portion of the 
molecule. The conversion of serine to 3-phosphoglycerate proceeds via 
phosphoserine. The consequence of this would be to increase the supply of 
3-phospho-glycerate which could proceed to provide additional C3 
precursor and also compensate for the drain of metabolites from the central 
energy generating pathway. All of these hypotheses are consistent with the 
belief that in this medium, the supply of the C3 precursor ( the ß-Lactam 
carbons) is rate limiting to clavulanic acid production. 
The poor performance of arginine, a direct precursor of the clavulanic acid 
molecule has been attributed to the fact that under the phosphate limiting 
conditions, its supply is not rate limiting to clavulanic acid production. An 
increase in the supply of the C5 is not sufficient to elevate titre alone. This 
suggests that a mixed feed of both a C3 promoting amino acid and arginine 
may result in titre improvements in excess of that already observed. 
The published literature has made much of the nature and importance of the 
C5 portion of clavulanic acid, but little of the needs or importance of the C3 
route. Since the experiments reported here have been carried out in a 
medium specifically designed to contain a single growth rate limiting 
nutrient they have identified an aspect of the pathway that has not been 
reported elsewhere. This is that the production route is heavily influenced by 
the prevailing nutrient status in the culture. Observations discussed in this 
chapter are consistent with those obtained in shake flask culture emended 
with amino acids ( Chapter 3 ). 
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Under carbon limitation, the supply rate of glycerol restricts the supply of the 
C3 to the whole cell. Assuming that the C3 supply is the rate limiting step in 
clavulanic acid biosynthesis, then it is not surprising that no clavulanic acid is 
produced under these conditions. Similarly under conditions of oxygen 
limitation, the rate of the TCA cycle reactions will be restricted and this may 
affect the supply of the C5 moiety. 
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5.6 Estimation of maximum specific growth rate using critical dilution rate. 
From batch culture studies in phosphate limited medium, the estimated 
maximum specific growth rate µmax , was 0.13h '1. In order to estimate this 
growth rate in the chemostat environment and to obtain an estimate of the 
proportion of the possible growth rate range covered in this work, rL Saximum 
specific growth rate was estimated by monitoring the wash out of the culture 
over a period of time following an increase in the dilution rate. 
5.6.1 Kinetics of chemostat culture ( Pict, 1975 ) 
In chemostat culture, the increase in biomass is given by the biomass 
balance which over an infinitely small time interval dt is shown by 
V. dx = V., ux. dt - Fx. dt ý3ý 
For a chemostat in the steady state where the volume (V) is constant, 
dividing by V becomes 
d= lfý - D)x 
14 ý 
where µ is the specific growth rate, D the dilution rate and x the culture 
biomass concentration. Since in the steady state dx/dt = 0, µ=D. 
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Integrating equation (4) yields equation (10 ) 
lll. x = 
(max- 
D)t+ 
lllxo (10) 
If D>Dc, 
'in 
the chemostat the culture biomass washes out and hence x 
decreases according to equation (10 ). The slope of the logarithmic plot of 
In x versus time is (µmax -D) thus allowing µmax to be determined. 
The method of Pirt was applied to the culture and the logarithmic plot is 
shown below in Figure 46.0. 
Figure 46.0. Plot of washout of biomass from a phosphate limited chemostat of 
S. clavuligerus. The growth rate was elevated to 133% of the estimated µmax from 
batch culture studies to force washout. 
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The equation of the line for the above plot was a = -0.0375667 , 
b= -0.01949 and the correlation coefficient R2 = 0.91. Thus substitution into 
equation (10) gave an estimate of max to be 0.122 h-1. This value was in 
very close agreement with that obtained from the batch culture work and 
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thus confirmed that batch culture and chemostat kinetics were similar in this 
medium. 
5.7 Phosphate limited chemostat culture at elevated biomass 
Under phosphate limitation in chemostat culture the maximum biomass 
concentration was relatively low at 1.23 g/l ( see section 5.1 ). At these low 
biomass concentrations, slight variations in biomass have significant effect 
on specific productivity. In order to improve culture stability a more desirable 
chemostat biomass of around 5 g/I was aimed for to obtain an increase in 
the concentration of clavulanic acid in the supernatants sufficient for more 
accurate HPLC quantification. 
The elevation of biomass concentration was achieved by increasing the 
concentration of the growth rate limiting nutrient, phosphate from 0.1 g/l to 
0.5 g/l. The glycerol concentration was increased from 60 g/l to 70 g/I and 
ammonium chloride elevated to 20 g/I. These increments were necessary to 
ensure that phosphate remained the growth rate limiting nutrient and all 
other nutrients were in excess. These increases were based on the yields per 
gram of each substrate derived from the chemostat culture operated at a 
growth rate of 0.03 h-1. 
5.7.1 Evaluation of modified medium 
At a growth rate of 0.03 h-1, after a steady state had been reached the 
residual phosphate in the medium was 0.16 g/I indicating that phosphate 
limitation had not occurred. The anticipated biomass concentration was also 
not reached with the culture achieving a steady state concentration of 
2.47 g/I. Examination of the residual ammonium chloride concentration 
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revealed that only 1 g/l had been used and it was in considerable excess. 
The culture evolved a putrescine-like odour. 
The inability of the culture to reach the expected biomass concentration and 
phosphate limitation was attributed to a toxic effect of excess ammonium. In 
order to quantify this effect, a series of shake flasks containing the same 
medium as the chemostat were evaluated with a range of ammonium 
chloride concentrations. After 48 hours incubation culture biomass 
concentration showed a strong correlation with the concentration of 
ammonium chloride incorporated into the medium (Figure 47.0). 
Figure 47.0. The effect of ammonium chloride concentration on culture biomass 
concentration obtained after 48 hours incubation in a modified phosphate limited 
medium. 
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Microscopic analysis of culture contents revealed that at the low 
concentrations of ammonium chloride ( less than 8 g/l ) hyphal morphology 
was characterised by short highly-fragmented, non-branched hyphal 
elements. The tips of many of the hyphae displayed swellings which could 
not be positively identified as spores. At ammonium concentration above 
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8 gIl there was extensive hyphal branching and long hyphal development. 
Hyphae were frequently observed to exist as clumps of many densely 
packed units although this was probably a reflection of the higher biomass 
concentrations and increased hyphal lengths leading to entanglement. 
The results indicated that excess ammonium chloride was inhibitory to 
growth in the modified phosphate limited medium. The high concentration of 
ammonium chloride in this medium was required to ensure that phosphate 
remained the growth rate limiting nutrient. Since phosphate is a micro- 
nutrient ( with respect to either carbon or nitrogen ), a relatively small 
change in its residual concentration can have significant effects on culture 
biomass concentration. Therefore, in order to maintain the required 
phosphate limitation, increasingly greater concentrations of carbon and 
nitrogen were required when the phosphate concentration was elevated 
from 0.1 g/I to 0.5 g/I. The consequence of this observation was that it was 
not possible to elevate the biomass concentration in a phosphate limited 
medium to the desired level due to ammonium toxicity. 
The observed toxicity of excess ammonium chloride may be due to not only 
a toxic effect on growth but, in combination with the low level of phosphate, 
a loss of some detoxifying pathways. This could be achieved under 
phosphate limitation where energy supply is limiting, thus causing a pooling 
of toxic intermediates. It is possibly that it is not ammonium chloride per se 
that is toxic but some other metabolite either accumulating or a 
degradation product brought about by the lack of available energy acting 
in tandem with the ammonium toxicity. 
The use of a MOPS buffered medium would be expected to compensate for 
the differences in pH at high ammonium levels and the effects on cellular 
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physiology. Figure 47.0 shows that upto 16 gll of ammonium chloride the post 
incubation pH was very similar across the flasks, despite different levels of 
ammonium chloride. 
The putrid smell associated with the initial chemostat culture was also 
reflected in the shake flask studies, but was only apparent when the 
concentration of ammonium chloride was 8 g/l and above. This odour was 
similar to that associated with putrescine, a precursor of the higher 
polyamines. In the presence of excess arginine, putrescine biosynthesis is 
induced involving the decarboxylation of arginine and it is a mechanism for 
metabolising ammonia. Therefore there may be a possible link between 
excess ammonia and putrescine production in this organism as a means of 
tolerating excess ammonia. The production of these molecules could 
therefore provide an ammonia sink. Lysine catabolism in S. clavvligerus has 
been reported to occur via another polyamine, cadaverine, and this 
organism unlike Streptomyces lividans, is able to produce a-aminoadipate 
from it ( Madduri et al., 1989 ). The a-arninoadipate is a precursor of P-'Lactam 
biosynthesis ( e. g. penicillin, in combination with cysteine and valine ). As 
such the presence of a molecule like putrescine would not be surprising and 
the unusual occurrence of a urea cycle in this species suggests a unique 
nitrogen metabolism in Streptomyces clavuligerus. 
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6.0. Cultivation of S. clavuligerus in Nitrogen limited media 
Batch culture experiments indicated that clavulanic acid was produced 
under conditions of nitrogen limitation ( see section 4.1.2 ). Feeding of amino 
acids to nitrogen limited media ( see section 3.5 ) also showed that 
clavulanic titre could be elevated but with amino acids which were 
different to those able to elevate titre in a phosphate limited medium. 
Phosphate limited culture ( see section 5.7 ) indicated the toxicity of excess 
ammonium chloride on the growth of S. clavuligerus and this served as a basis 
for the modelling of growth in nitrogen limited media and on ammonium 
chloride. The results of the inhibition of growth by excess ammonium chloride 
are shown below in Figure 47.0. 
Figure 47.0 ( repeated ). The effect of ammonium chloride concentration on culture 
biomass concentration obtained after 48 hours incubation in a modified phosphate 
limited medium. 
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Since it was not possible to elevate culture biomass concentration, in a 
medium designed to be phosphate limited, the production of clavulanic 
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acid in nitrogen limited media was studied further. The initial studies made in 
section 5.7, suggested that non competitive substrate inhibition may have 
been responsible for the observed results. This phenomenon was further 
characterised in nitrogen limited media. 
6.1 Non competitive substrate inhibition of growth by ammonium chloride 
Non competitive inhibition assumes that the inhibitor (in this case ammonium 
chloride ) reacts with the biomass at a site other than that for uptake of the 
growth rate limiting substrate without affecting the affinity for the substrate 
( Pirt, 1975 ). Since in this case, ammonium chloride is both substrate and 
inhibitor at the same time the effect of these parameters on growth rate can 
be described by equation 11. 
P 
max 
KS+S I +KI 
where I=S, Ks is the substrate affinity constant and K, is the substrate 
inhibition constant. The relationship between growth rate and substrate 
concentration is such that growth rate is able to increase with substrate 
concentration up to a critical point. This point, the Scrit , is the point at which 
the inhibitory effect becomes dominant. 
In order to further evaluate the effect of ammonium chloride on both 
growth and clavulanic acid production, a series of chemostat studies were 
undertaken at two different concentrations of ammonium chloride, using a 
two stage chemostat system. 
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The aim of this was to ; 
1. Confirm the ammonium toxicity effect displayed in the modified 
phosphate limited medium 
2. Demonstrate the use of a two stage system to circumvent the ammonium 
repression of growth and allow full substrate utilisation for antibiotic 
production, and measure the effect this had on the production of 
clavulanic acid and biomass in the second stage 
3. Estimate the substrate affinity and inhibition constants for ammonium 
chloride. 
6.2 Two stage chemostat cultivation at different ammonium chloride 
concentrations 
6.2.1 Ammonium chloride at 3.8g/i 
A modified nitrogen limited medium was developed where ammonium 
chloride content was elevated to 3.8 gIl and a two stage cultivation system 
employed as outlined in section 2.4.2. A dilution rate of 0.05 h-1 was used for 
both stage one and stage two. The culture biomass concentrations 
achieved after at least four volume changes ( steady state) are shown in 
Figure 48.0. 
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Figure 48.0. The growth of S. clavuligerus in stage 1 and stage 2 of a two stage 
chemostat, where D= 0.05h-1. Culture pH was maintained at 6.50 and ammonium 
chloride at 3.8 g/l provided the nitrogen source. All other conditions are as 
described in 2.4.2. 
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The results clearly demonstrated an elevation of culture biomass in the 
second stage of the two stage chemostat and this elevation of biomass was 
also coincidental with a reduction in the level of ammonium chloride in the 
second stage (Table 16.0 ). In addition, the concentration of clavulanic acid 
produced in the second stage increased over that of the first stage whilst 
the growth rate decreased. From equation (9) the actual shift in growth 
rate from stage one to stage two was 0.05h-1 to 0.022 h-1. 
Table 16.0. The residual concentration of ammonium chloride and clavulanic acid 
in stage 1 and stage 2 of a two stage chemostat. Culture growth rate is also 
presented. 
Chemostat stage Residual ammonium 
chloride ( l) 
Clavulanic acid ( g/1) Growth rate 
(h-1 ) 
Stage 1 0.92 0.0031 0.05 
Stage 2 0.13 0.0081 0.022 
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The reduction in residual ammonium chloride concentration in stage one 
and stage two (as outlined in Table 16.0) corresponded to a 76% reduction 
in ammonium chloride concentration in stage one and a 96% reduction in 
concentration in stage 2. These results indicate how effective the two stage 
chemostat is at allowing almost complete substrate utilisation in the second 
stage. 
The clavulanic acid titre increased by almost three fold in the second stage 
of the system and specific production rate doubled (Table 17.0 ). 
Table 17.0. The specific rate of production of biomass and clavulanic acid in stage 
one and stage two of a two stage chemostat. 
Chemostat Rate of production of Rate of production of 
stage biomass (g/l/h) clavulanic acid 
() 
Stage 1 0.19 0.0008 
Stage 2 0.15 0.0016 
The results presented above in Table 17.0, are corrected for the portion of 
both culture biomass and clavulanic acid that are derived from the first 
stage and thus the values presented for stage two are de novo 
concentrations. Using the two stage system, it was possible to elevate 
specific titre in the second stage to more than double that of the first stage. 
This elevation in titre was accompanied by a shift in culture growth rate from 
0.05 h-1 ( stage one) to 0.022 h-1 ( stage two ). 
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6.2.2.1 A possible role for down regulation of growth rate 
In stage one of the chemostat, at steady state, the specific clavulanic acid 
productivity is described by equation (12 ) 
[CA, ](Di) 
Xi (1 2) 
where [CAS] is the concentration of clavulanic acid in stage one, D, is the 
dilution rate of stage one and x, the culture biomass concentration in stage 
one. 
Substituting the experimental values into equation ( 12 ) where: 
[CAS] = 0.0031 g/I, (Dj) = 0.05 h-1 and x, = 3.81g produces a specific 
productivity in stage one of 4.068 x 10-5 Since the total residence 
time in the first stage was 20 hours ( residence time is 1 /D ), then the actual 
amount of clavulanic acid produced during one residence time is given by 
equation (13 ) 
2o[cA, ](Di) 
Xi J ý t3 ) 
substituting the experimental values into equation (13 ) yields a production 
rate of clavulanic acid of 8.13 x 10-4 g/g in one residence time. 
Since the residence time in the second stage is the same as the first stage, if 
differences in conditions are ignored, theoretically, the same amount of 
clavulanic acid should have been produced in stage two in one residence 
time. However, the culture biomass concentration was higher in the second 
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stage and therefore the theoretical amount of clavulanic acid produced in 
stage two should have been 6.83 times equation ( 13) where 6.83 represents 
the culture biomass concentration in the second stage. Thus in stage two, 
the theoretical titre of clavulanic acid should have been 0.0055 g 1-1. 
However, the actual titre recorded in stage two ( see Table 16.0 ) was 
0.0081 g 1-1, an increase above the theoretical expected production rate of 
0.0026 g 1-1( an 47% increase ). This increase is speculated to be due to the 
down regulation in culture growth rate from 0.05 h-1 to 0.022 h-1 from stage 
one to stage two. Studies from this laboratory ( McDermott et al., 1993, Clarke 
et at., 1995, Wilson and Bushell, 1995 and Lynch and Bushell, 1995 ) have 
also implicated the down shift in culture growth rate as a controlling variable 
in the expression of erythromycin and vancornycin antibiotics ( see also 
section 1.3 ). 
If this shift in growth rate is the controlling variable then industrial scale 
production processes could utilise culture systems in which there is a 
continual perturbation of growth rate, for example cyclic fed batch culture 
( Lynch and Bushell, 1995 ), or a transient shift in culture growth rate which 
has been achieved with the two stage chemostat system. 
The relative increase in titre in the second stage may also be due to the fact 
that the residual concentration of ammonium chloride in the second stage 
was much lower than that of the first stage ( see Table 16.0 ). Since nitrogen 
limitation has been shown to induce clavulanic acid production, the level of 
residual nitrogen in stage two may be approaching the level at which 
production is switched on. The shift in growth rate itself may also have 
induced other physiological changes in the organism which may alter the 
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expression of certain metabolic pathways and thus favour clavulanic acid 
production. 
6.2.2.2 Estimate of Ks and Ki 
From the experimental data it was possible to obtain an estimate for both the 
substrate affinity constant and the substrate inhibition constant for ammonium 
chloride using equation (1 1) 
max 
s KI 
Ks+S I +KI 
Since the experiment in the two stage yielded two residual substrate 
concentrations for both the first and second stages, a pair of equations 
were formed and solved simultaneously 14 ). The upper equation represents 
stage 1 and the lower equation stage 2. 
0.050 = 0.122 K. 
9 
+ K, 
) 
0.022 = 0.122 K 
0.13 1ý K, (141 
+0.13) 0.13+K) 
The simultaneous equation yielded a solution for KS of 0.54 g/l and for K, 
of 1.71 g/l ammonium chloride in this medium. 
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Under conditions of non competitive substrate inhibition, the growth rate 
increases with substrate concentration up to the critical value Scrit, 
thereafter the inhibitory effect becomes dominant ( see section 6.1 ). The 
maximum value of µ can be determined by differentiating equation (15 ). 
p=/JmaxsKi /(sKI+KsKi +s2) (15) 
Differentiation of equation (15) with respect to S; when dµ/ds = 0, µ is at the 
maximum yields equation (16 ). 
St = (KKi) 16) 
Substitution of the estimates of KS and Ki into equation ( 16) produce an 
estimate of Scrit of 0.96 g/l ammonium chloride. 
6.2.2 Ammonium chloride at 2.0g/l 
Chemostat cultivation at ammonium chloride concentrations of 3.8 g/l 
indicated how the two stage system could be used to overcome ammonium 
chloride toxicity and also increase the production of clavulanic acid in the 
second stage. This phenomenon was further examined using an ammonium 
chloride concentration of 2.0 g/I. A series of amino acid additions to the 
second stage and their effect on growth rate were also evaluated. 
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6.2.2.1 Experimental methods 
Initially, a batch culture phase was allowed to proceed in stage one for up 
to 48 hours before the medium feed pump was switched on and the 
overflow weir opened. The second stage contained the same experimental 
medium as the first stage but the nitrogen source was omitted. The supply of 
culture nitrogen to the second stage was achieved either via the feed from 
stage one or an additional feed to the second stage. In this way any effect 
of ammonium repression could be counteracted. 
The two stage chemostat was operated at a dilution rate of 0.05 h-1 in both 
stages and initially configured such that no feeds were added to the 
second stage. Thus the organism relied upon the residual nitrogen in the first 
stage feed to support growth. A second configuration, in which the flow 
rate to the second stage was composed of 80% from stage one and 20% 
from an additional feed ( water ) formed the control for the feeding 
experiment. All feeds to the second stage were added at 20% of the flow 
rate required to make the dilution rate, the other 80% being derived from 
stage one. The results for both of these experiments are shown in Figure 49.0. 
When the chemostat was operated under conditions in which no additional 
feed was made to the second stage, there was an increase in the amount 
of clavulanic acid produced in stage two and also an increase in the 
amount of biomass produced ( Figure 49.0 ). The control, in which water was 
fed to stage two ( 80: 20 split) also produced clavulanic acid in the second 
stage. The level of production in this vessel under these conditions was 
slightly less ( 0.0076 g/l ) than the split would have predicted by an 80% 
dilution of the original titre. 
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Figure 49.0. The effect of medium additions to the second stage of a two stage 
chemostat on biomass and clavulanic acid production. Culture dilution rate was 
0.05 h-1. 
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Examination of the residual ammonium chloride concentration in the second 
stage of the chemostats ( Table 18.0 ) revealed an almost complete 
utilisation. The residual concentration of ammonium chloride in the second 
stage ( at steady state ) when water was added ( 80: 20 split ) was exactly 
80% of that in the second stage when no additions were made, indicating 
the direct proportionality of the split. 
Table 18.0 Utilisation of ammonium chloride in the second stage of a two stage 
chemostat operated at a growth rate 0.05 h-1. The concentration of ammonium 
chloride in the first stage is shown for comparison. The % utilisation is expressed as a 
reduction of the total ammonium chloride (2.0 g/I added. 
Addition to 
stage two 
Residual 
NHC1( l) 
Utilisation of 
NBCl(%) 
Nothing 0.014 99.3 
Water 0.011 99.4 
Stage 1 0.018 99.1 
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Comparison of the utilisation of ammonium chloride in the first and second 
stages suggested that there was little difference in the overall utilisation, 
011t 14o1 
with both stage achieving in excess of a 99% reduction in the"ammonium 
chloride concentration of 2.0 g/I. This could be interpreted as more 
evidence to suggest that it is the shift in growth rate that is responsible for the 
increased production in the second stage, and not as postulated earlier 
( see end section 6.2.2.1 ), differences in the residual ammonium chloride 
concentration between the first and second stage. 
6.3 Comparison of the growth of S. clavuligerus at the two ammonium chloride 
concentrations. 
Examination of the culture biomass concentration in the first stage indicated 
that there was little difference between either the total biomass 
concentration or the rate of biomass formation ( Table 19. Oa ) at the two 
different ammonium chloride concentrations studied. 
Table 19.0a. A comparison of the rate of (I) biomass formation (II) clavulanic acid 
formation and ( III) ammonium chloride utilisation for S. clavuligerus grown in stage 
one of a two stage chemostat at two different concentrations of ammonium 
chloride. Culture growth rate was 0.05 h-1. 
Ammonium Culture biomass Rate of production Rate of production Residual NH4C1 g/1 
chloride conc. in stage one biomass (g/1 h-1) clavulanic acid (% ) Utilisation 
(9/1) (9/1) ( g/g h-1) 
3.80 3.81 0.19 0.0008 0.92 (75.7 ) 
2.0 3.77 0.19 0.011 0.018(99.1) 
Whilst the rate of biomass formation was not affected by the different 
concentrations of ammonium chloride, the rate of production of clavulanic 
acid was significantly altered. This would suggest that the maximum 
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concentration at which ammonium chloride is able to inhibit growth ( as 
measured by culture biomass concentration ) is somewhere below 2.0 g/l 
and this observation would appear to correlate with the estimated KI for 
ammonium chloride of 1.7 g/I. The highest rate of clavulanic acid production 
was also coincidental with the greatest utilisation of ammonium chloride in 
the first stage. 
The results showed that at the lower concentration of ammonium chloride 
the rate of production of clavulanic acid in stage one ( grams per gram 
biomass per hour) was almost fourteen times that when the ammonium 
chloride concentration was 3.8 g/l ( Table 19. Oa ). This clearly indicated that 
clavulanic acid production ( but not biomass formation ) was severely 
inhibited by the presence of excess ammonium chloride under chemostat 
conditions. This observation was further highlighted by the fact that the 
residual ammonium chloride in stage one at 2.0 g/l concentration was fifty 
times lower than that when ammonium chloride was supplied at 3.8 g/l 
( Table 19. Oa ). As the culture growth rates were the some this increase in 
antibiotic production must be due to a lifting of ammonium chloride 
inhibition of clavulanic acid production. 
In the second stage of the chemostat the different residual ammonium 
chloride levels contributed to considerably different shifts in growth rate from 
the first to the second stage ( Table 19. Ob ). The lowest growth rate was 
achieved in the vessel at which residual ammonium chloride was at its 
lowest and this occurred when the ammonium chloride concentration was 
2.0 g/I. 
The equation used to calculate growth rate in the second stage is affected 
by the ratio of the biomass concentrations of the first and second stage and 
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as such elevation of biomass in the second stage by increased residual 
ammonium chloride reduces this shift. 
Table 19.0b. The effect of different ammonium chloride concentrations on the 
growth of S. clavuligerus, production of clavulanic acid and growth rate in the 
second stage of a two stage chemostat operated at a dilution rate of 0.05 h-1. 
Ammonium Biomass conc. Rate of production Rate of production Growth rate in 
chloride in stage two of biomass of clavulanic acid stage two 
(9/1) (9/1) ( g/l h-1) g/g h-1) ( h-1 ) 
3.80 6.83 0.15 0.0008 0.022 
2.0 3.93 0.0079 0.011 0.002 
The tenfold decrease in the growth rate of the second stage at the lowest 
level of ammonium chloride examined ( Table 19. Ob) corresponded to an 
almost 14 fold increase in the rate of production of clavulanic acid 
compared to when the ammonium chloride concentration was 3.8 g/I. This 
increased down regulation of growth rate in stage two presumably accounts 
for the increased antibiotic production rate. 
Table 19.0c. The effect of different ammonium chloride concentrations on the 
utilisation of ammonium chloride by S. clavuligerus in the second stage of a two 
stage chemostat operated at a dilution rate of 0.05 h'1. 
Ammonium chloride 
(9/1) 
Residual NH4C1 
(9/1) 
Utilisation NH4C1 
(%) 
Growth rate in 
stage two (h-1 ) 
3.80 0.13 96.5 0.022 
2.0 0.014 99.3 0.002 
Residual ammonium chloride in the second stage, at an ammonium chloride 
concentration of 2.0 g/l (Table 19. Oc ), also reflected the observation that 
the growth rate of the second stage was tenfold lower than that when 
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ammonium chloride was provided at 3.8 g/l. The increased down-regulation 
of growth rate in stage two presumably accounts for the increased antibiotic 
production rate. 
6.4 Supplementation of stage 2 with amino acids- NH4CI at 2.0g/l 
On the basis of information derived from shake flask studies in nitrogen 
limited and phosphate limited chemostat culture ( both feeding 
experiments and amino acids as sole nitrogen sources ), the amino acids 
arginine and serine were examined as suitable feeds for the second stage. 
They were added at the following concentrations; 
1.5 mM arginine and 5 mM serine 
2.10 mM arginine 
3.10 mM serine 
The effect these additions had on culture biomass concentration and 
clavulanic acid production in the second stage are shown in Figure 50.0. 
Where both arginine and serine were added to the second stage, culture 
biomass concentration was 2.0 g/I higher than that observed under 
conditions in which no feeds were made to the second stage. Thus this 
balanced amino acid feed supported biomass rather than clavulanic acid 
formation. Examination of the rate of production of biomass in the second 
stage confirmed that specific production of clavulanic acid was at its 
lowest when the rate of production of biomass was at it highest ( Figure 51.0 ) 
in the presence of arginine and serine. 
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Figure 50.0. The effect of amino acid additions to the second stage of a two stage 
chemostat on biomass concentration and clavulanic acid production. The dilution 
rate was 0.05 h-1. 
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Figure 51.0. The effect of amino acid additions to the second stage of a two stage 
chemostat on the rate of production of biomass and the specific productivity of 
clavulanic acid. 
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In contrast, the reverse was also true such that the highest specific rate of 
production of clavulanic acid was coincidental with the lowest rate of 
production of biomass. 
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The total specific productivity in the second stage was much lower than that 
observed in either (a) the first stage or ( b) when no additions were made 
to the second stage. This effect could be due to a number of factors. The 
fact that a constant supply of nitrogen was maintained in the second stage 
prevented nitrogen limitation triggering clavulanic acid production as has 
been previously demonstrated. Nitrogen limitation in the second stage was 
observed when either no additions were made, or when water was added to 
it. Since the presence of additional nitrogen in the second stage affected the 
culture growth rate, by changing the shift in growth rate from the first to the 
second stage, a role for growth rate mediated production must be 
proposed. The shift in culture growth rate with the medium additions to the 
second stage is shown in Table 20.0. Once again these results reflected the 
trend observed in batch culture studies where the highest clavulanic acid 
concentration was made in cultures exhibiting the lowest growth rate. In this 
case, it was when no medium additions were made to the second stage 
and the actual shift in growth rate from stage one to two was 0.05 h-1 to 
0.002h-1. 
Table 20.0. The effect of amino acid additions to the second stage of a two stage 
chemostat on culture growth rate and production of clavulanic acid. 
Addition to Stage 2 Culture growth rate 
Stage 1 (h'1) 
Culture growth rate 
Stage 2 (h'1) 
Clavulanic acid 
(9/1) 
Nothing 0.05 0.002 0.062 
Water 0.05 0.006 0.042 
5 mM Arginine and Senne 0.05 0.024 0.030 
10 mM Ar inine 0.05 0.018 0.026 
10 mM Serine 0.05 0.019 0.021 
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Broadly, the greater the degree of growth rate down-regulation, the greater 
the antibiotic titre ( Figure 51. Oa ). 
Figure 51. Oa The effect of amino acid additions on (1) the down-regulation of 
growth rate from stage one to stage two and (II) the production of clavulanic acid 
in a two stage chemostat. Amino acid labels are consistent with those of Table 21.0. 
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6.5 Examination of specific production rates 
0.05 
The rate of de novo clavulanic acid formation in the second stage was 
calculated for each of the experimental conditions and the results shown in 
Figure 52.0. Under all the experimental conditions the rate of production of 
biomass ( 0.19 ± 0.004 g/I h-1 ) and the rate of production of clavulanic acid 
( 0.0023 ± 0.00009 g/I h-1 ) stayed constant in the first stage. 
The de novo rate of production of clauu'ianic acid in the second stage was 
calculated by subtracting that portion of it which was derived from the first 
stage. Using this calculation it can be seen that the highest yield of 
clavulanic acid produced per gram of biomass per hour occurred when no 
additional feeds were made to the second stage. Under these conditions 
/f Arginine 
------------- -------------------------------- 
Serine 
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there was a 10 fold increase in yield over the first stage. Since this expression 
was derived from an increase in the concentration of clavulanic acid in the 
second stage, the yields for all the feeds are negative values. 
Figure 52.0. The effect of amino acid additions to the second stage of a two stage 
chemostat on the de novo rate of formation and specific productivity of clavulanic 
acid. 
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The feed combination which gave the least negative value was composed 
of 5 mM arginine and serine. This feed combination produced a yield per 
gram biomass per hour that was higher ( albeit still negative ) than for the 
addition of water to the vessel. The total specific productivity for each stage 
was expressed as the total clavulanic acid concentration produced by the 
biomass concentration present, irrespective of that which was derived from 
the first stage feed. Once again, the specific productivity was highest in the 
second stage when no additions were made to it. The results achieved for 
the addition of water were the same as those obtained in the first stage of 
the two stage chemostat. A slight peak in this data was still observed for the 
feeding of 10 mM arginine to the culture although all three combinations of 
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amino acids failed to elevate the titre above that achieved in the second 
stage with no additional feeds. 
These results can be explained by effect of the amino acids on the down- 
regulation of growth rate in the second stage. Under the nitrogen limiting 
conditions in the second stage, the amino acids provided different 
nutritional conditions and thus a range of growth rates. This, is in contrast to 
the data generated in the phosphate limited medium ( see Chapter 5.0, 
section 5.3 ) where the effects of the feed on the biosynthetic pathways 
was investigated. 
6.6 Selection of reduced titre mutants 
During the two stage chemostat cultivation of S. clavuligerus in the modified 
nitrogen limited medium the selection of a reduced titre mutant always 
occurred in stage one. The selection of this altered titre mutant occurred 
after 80 - 100 hours of cultivation (4 to 5 volume changes ) and was 
characterised by a steady reduction in the titre achieved, and a slightly 
higher culture biomass concentration ( 3.77 g/l for stable strain compared 
with 4.10 giI for the reduced titre mutant ). The reduced ability to make 
clavulanic acid was accompanied by a higher biomass concentration and 
this maybe due to the loss of the drain of precursors to clavulanic acid in 
favour of biomass. 
After approximately 4.5 volume changes, a mutant was selected which 
showed a 60% reduction in titre compared to the original variant. After a 
further 4 volumes changes, this mutant showed an 88% reduction in titre 
compared to the original variant and a 71% reduction in compared to 
the first generation mutant. The first generation mutant was partially 
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characterised by examination of its intracellular pool of amino acids. The 
results are shown below in Figure 53.0. 
Figure 53.0. The intracellular composition of the free amino acid pool of a first 
generation production mutant of S. clavuligerus grown in chemostat culture in a 
modified nitrogen limited medium. Data is shown as the percentage amino acid 
pool size with respect to a control. 
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In addition to the differences in the composition of the free amino acid pool 
between the two culture variants ( Figure 53.0. ), the total amino acid pool 
size measured was also significantly different. In the control, the total pool 
size was 1.6 times that of the first generation mutant. Significance testing of 
these results indicated that at the 99% significance level the total amino 
acid pool concentration was higher in the control variant than in the 
mutant. 
Figure 53.0, shows the intracellular arginine concentration was significantly 
higher in the first generation mutant than in the control variant, where it 
contributed almost sixty percent of the total amino acid pool compared to 
2.89 percent in the control variant ( Table 21.0. ). In contrast the control 
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strain displayed a much higher percentage of glutamic acid in the free 
amino acid pool than the mutant. 
Table 21.0. The percentage composition of a selection of amino acids in the free 
amino acid pool of a first generation reduced production mutant selected during 
chemostat culture of S. clavuligerus. 
Amino acid Control 
(%) 
Mutant 
(%) 
Ar inne 2.89 58.69 
Glutamic acid 26.6 0.47 
Isoleucine 1.03 0.19 
Leucine 1.45 0.37 
Ornithine 45.9 28.84 
All the other amino acids measured, with the exception of arginine, were 
present in statistically significant higher concentration in the control. 
In contrast arginine was shown to be significantly elevated in the reduced 
production mutant. 
This observation would appear to suggest that a loss of production of 
clavulanic acid in this mutant is also associated with a significant elevation 
in the intracellular pool of free arginine. Such a result is consistent with the 
latest information in the literature indicating that arginine is a direct 
precursor for clavulanic acid ( Valentine et al., 1993 ). The reduced ability to 
synthesise clavulanic acid under the prevailing culture conditions could 
therefore result in an accumulation of intracellular arginine if it is not being 
drained off for clavulanic acid biosynthesis. This would require the mutant to 
be blocked in the that part of the pathway in which arginine is incorporated 
into clavulanic acid. 
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The most obvious explanation for the results would be the selection of a 
blocked mutant as described above, but it is also possible that a regulatory 
mutant, with a reduced sensitivity to ammonia inhibition, has been selected 
during chemostat culture ( although neither option has been established ). 
The possibility of a mutation in either the carbon or nitrogen transport system 
also cannot be ruled out. Since the pool of glutamic acid was much 
reduced in the mutant it could be indicative of a deficiency in the 
ammonium assimilation mechanism which has been shown to occur in this 
organism via the glutamine synthetase ( GS )/ glutamineoxoglutarate 
glutamateaminotransferase ( GOGAT ) mechanism ( Aharonwitz and 
Demain, 1979: Brana et al., 1985 and Kasarenini and Demain, 1994 ). This 
uptake mechanism ( which is ATP driven ) involves the formation of 
glutamine from glutamate and ammonia, catalysed by GS, followed by the 
transfer of an ammonium group to 2-oxoglutarate by GOGAT. The net result is 
the synthesis of one molecule of glutamate. The other common mechanism 
for ammonium uptake, mediated by glutamate dehydrogenase (GDH) was 
shown by Brana et al., ( 1986 ) not to be active in this organism. Thus the 
much lower pool size of glutamic acid, which is part of this assimilation route 
could suggest a reduced or altered ammonium assimilation pathway in the 
mutant. The lower level of glutamic acid in the mutant strain may also 
explain the much lower total pool size present in this strain since it is a 
valuable precursor of other amino acids and also it drains the TCA cycle via 
2-oxoglutarate. 
6.7 Summary 
Whilst the ammonium ion has been shown to negatively effect the 
formation of cephalosporins in S. clavuligerus and this study has shown it to 
affect the formation of clavulanic acid, Kasarenini and Demain ( 1994) have 
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Jones et al., 1973 ) suggests that under these conditions two or more stable 
steady states are possible which give rise to different steady state substrate 
concentrations. Jones et al., ( 1973) demonstrated that for the treatment of 
inhibitory wastes the extreme sensitivity of the experimental system to slight 
changes in operating conditions could be explained by a mathematical 
model using substrate inhibition kinetics. 
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7.0 Conclusions and summary 
7.1 Effect of cultivation system on production of clavulanic acid 
A comparison of the production kinetics of clavulanic acid in phosphate 
limited culture under the various cultivation systems employed revealed that 
batch culture production techniques produced a lower specific titres than 
chemostat culture. A 47% increase in specific titre over that of batch culture 
was achieved when chemostat culture was used at growth rate of 
0.03 h-1. At the same growth rate and feeding the culture with either serine, 
isoleucine or leucine, the specific titre was increased further to 160% that of 
batch culture and 77% that of an-unfed chemostat culture (Table 22.0 ). 
Table 22.0. A summary of the effect of cultivation system on the specific production 
of clavulanic acid by S. clavuligerus under phosphate limitation. 
Cultivation system Specific productivity Clavulanic acid 
( g/g biomass) 
Batch 0.015 
Chemostat 0.022 
Chemostat plus amino acid 0.039 
By comparison, under conditions of nitrogen limitation, batch culture 
production resulted in 0.013 g clavulanic acid per gram biomass, some 13% 
less than that observed in phosphate limited batch culture. However, two 
stage chemostat culture resulted in a specific production of clavulanic acid 
in the second stage of 0.12 9 ýý . This represented an 
increase of 
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more than 60 fold over the best production rates observed in the phosphate 
limited media. 
7.2 Influence of media and feeds on clavulanic acid production 
Clusters analysis of the intracellular amino acid pool of a series of single 
stage fed chemostats in the phosphate limited media identified a range of 
amino acids which were directly correlated to clavulanic acid production. 
These results suggested that the supply of the C3, ß-Lactam, carbons are rate 
limiting to clavulanic acid production in this medium and a model was 
proposed to account for the different production profiles observed. The 
central dogma of the model was the ability of the amino acid to affect the 
supply of either the C3 or C5 half of clavulanic acid. Further evidence to 
support the deficiency in the C3 supply was provided by the observation 
that arginine, a direct precursor of the C5 moiety, was not able to elevate 
clavulanic acid production beyond that of the control medium in which no 
additional amino acids were fed. This implies that the C5 supply is not rate 
limiting to clavulanic acid production in this medium. In addition, the C3 
amino acid serine, which can supplement the central carbon supply, always 
produced high titres when added to either the phosphate or nitrogen limited 
media. This phenomenon was also observed when serine was provided as 
the sole nitrogen source. 
Feeding of the amino acids to the phosphate limited chemostat resulted in 
the accumulation of increased intracellular pools of that particular amino 
acid ( relative to the control ). This would suggest that some sort of transport 
facility for the molecules is operational in this organism. The transport 
capacity of the organism for amino acids was not examined in this work but 
it would make an interesting focus for further work. 
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Differences in the production of clavulanic acid in both the phosphate and 
nitrogen limited media have. been resolved on the basis of the availability of 
the supply of the C3 moiety. Phosphate limitation imposes a severe 
metabolic restriction of the organism, almost certainly restricting glycolysis 
and gluconeogensis. As a result of this more of the available C3 is able to 
spill over into clavulanic acid production. In contrast, under conditions of 
nitrogen limitation these restriction do not apply and thus clavulanic acid 
production is lower. Carbon limitation restricts the supply of carbon to the 
whole cell and thus under these conditions clavulanic acid production does 
not occur. 
7.3 The role of growth rate 
Difference in the production of clavulanic acid between the two different 
media may also have been due to differences in the growth rate reached. 
The high specific rate of production in the phosphate limited batch culture 
was achieved when the culture growth rate was almost half that observed 
when nitrogen was the growth rate limiting nutrient. Much of the data 
derived from two stage chemostat culture in the nitrogen limited media has 
shown that the greatest production rates of clavulanic acid are achieved 
with a large shift in growth rate from stage one to stage two. In one series of 
experiments, where different ammonium chloride concentrations were used, 
a ten fold reduction in the shift of the growth rate in the second stage was 
combined with an eight fold increase in titre. However, under these 
conditions the effect of excess ammonium repression, or difference in the 
final concentrations of available nitrogen in the second stage cannot be 
ruled out as not being important factors. 
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7.4 Two stage chemostat culture 
Two stage chemostat culture was used to provide an estimate of the 
substrate inhibition constants for ammonium chloride, which was shown in 
chemostat culture to be inhibitory to the production of clavulanic acid but 
not culture growth. The maximum concentration of ammonium chloride at 
which the inhibition kinetics do not predominate was estimated to be 0.96g/I 
and this culture system has lent itself well to the study of such kinetics. 
However, the same inhibition kinetics are thought to be responsible for the 
high mutation rate observed in the presence of excess ammonium chloride 
and thus such a system would have to be carefully monitored if it were to be 
used effectively. 
In a wider view, two stage chemostat culture has been shown to promote 
antibiotic production under the appropriate culture conditions. This 
phenomenon has been attributed to the shift in culture growth rate such a 
system is able to achieve and as such has implications for the commercial 
production of other antibiotics which are affected by culture growth rate. 
The use of the system to study substrate inhibition growth kinetics could be 
further extended to include configurations in which both nutritional and 
physiological differences between the first and second stage were 
employed. This could for example involve using the first stage to generate a 
continual supply of biomass to feed a second stage operated at a reduced 
oxygen tension, pH or different medium composition. However, the system, 
like that of single stage chemostat culture, is prone to problems of the 
selection of mutants with altered characteristics. This in itself may suggest the 
application of such a system to the generation of mutants with different 
morphological or phenotypical variations. 
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7.5 Future work 
This study has highlighted a number of areas which would benefit from further 
study and Eý, a include: 
(a) Generation of mutants 
The production of a mutant of S. clavuligerus, auxotrophic for arginine, would 
help determine the importance of the provision of the C5 supply to 
clavulanic acid production. Using the technique developed in this study to 
measure the intracellular pool of amino acids it should be possible to 
establish differences in pool composition and thus identify how significant the 
C5 supply is. In such a mutant, there may be the opportunity to also measure 
the effects the block has on for example the supply of ornithine which is 
intimately associated with arginine in the C5 supply route. This mutation could 
be specifically targeted at the enzymes involved in the conversion of 
ornithine to arginine, enzymes arginosuccinate synthase or ornithine 
carbgmylfra nsferase. 
(b) Enzymatic analysis 
Much of this work is based on the application of current biosynthetic 
pathway knowledge of bacteria generally to S. clavuligerus which may or 
may not be appropriate. As such, the identification of specific pathway 
enzymes could help confirm or reject some of the theories presented here. 
Initial attempts to assay intracellular enzymes of the TCA cycle and glycolysis 
failed to produce measurable effects but further development of this 
protocol is required. This work would help determine the rates at which these 
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pathways are active and thus add to the data to help model the overall 
production of clavulanic acid. 
(c) Intracellular organic acids 
It was hoped that the measurement of intracellular organic acid could be 
achieved to estimate the activity of the TCA cycle and monitor the rate at 
which these products are drained off as precursor molecules. As with the 
enzyme assays, an initial study of the measurement of these compounds by 
both HPLC and enzyme based assays failed to produce any measurable 
effects. The HPLC based assay could be improved by the use of a diode 
array detector whilst enzyme assay required a highly sensitive 
spectrophotometer, which when operated at UV. wavelengths could reach 
sensitivities of 10-9 moles. The collection of this data could add to the detail 
of the production model. 
(d) Production model 
Using a non-linear modelling package " ModelMaker " (SB ModelMaker) the 
construction of a simplified biosynthetic chart based on the amino acid data 
would help to estimate the pathway flux in this organism. This basic model, 
based on the rational approach of measuring the intracellular amino acid 
pools could be expanded to include both the enzyme activity rates and also 
the organic acid data to accurately model the events which result 
in 
clavulanic acid production. The rational approach, as opposed 
to an 
empirical approach, used in this study has highlighted the usefulness of such 
a tool to specifically identify those variables which are directly related 
to 
production of the antibiotic. The model could therefore be used 
to predict 
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the most suitable feeding regime or medium composition in which clavulanic 
acid production occurs at a maximum. 
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Appendix d 
During the course of the PhD. research training programme, described in this 
thesis, experiments were carried out using the vancomycin producer, 
Amycolato, psis orientalis. Due to the lack of ability to maintain steady 
chemostat cultures of this strain, S. clavuligerus was finally adopted as a 
model for the majority of the study. A. orientalis was used for the technical 
development of the two stage system that was later used to study the 
physiology of S. clavuligerus. Results obtained with A. orientalis are presented 
here. 
1.0 Culture of Amycolatopsis orientalis - Medium design 
Formulation of a series of synthetic nutrient limited media was essential to the 
physiological study of the growth and production of vancomycin by 
A. orientalis. Table 23.0 summarises the composition of the nutrient limited 
media. 
Table 23.0. The initial composition of synthetic nutrient limited media for the culture 
of A. orientalis at pH 7.0-7.20. 
Component 1 Carbon Ltd Nitrogen Ltd 
Glucose 15 30 
NaNO 11.12 2.38 
K1PO 3.0 3.0 
K HPO 7.0 7.0 
Trace solution 
ml 
10.0 10.0 
* trace composition was the same as outlined in Chapter 2.0 
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1.1 Shake flask culture- carbon limited medium optimisation. 
The nutrient limiting status of the carbon medium as outlined in Table 23.0 
was studied in shake flask culture to examine the effect of increasing all 
medium components except the carbon source. This allowed the 
confirmation of nutrient limitation status. The results are shown in Figure 54.0. 
Figure 54.0 The effect of increased medium concentration on the growth of 
A. orientalis in a carbon limited medium. 
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The results suggested that nutrient concentrations in excess of four times the 
basal formulation ( Table 23.0) were inhibitory to the growth of the organism. 
Residual glucose analysis confirmed that carbon was exhausted by 50 hours 
incubation in Xl to X4 strength media. All other medium components were in 
excess at this point. Bioassay of culture supernatant against Arthrobacter 
citreus (as Chapter 2) indicated the production of vancomycin in only the 
Xl and X2 strength media after 50 hours incubation. The final titres were 
11.83 mg/I vancomycin for Xl and 30.0 mg/L vancomycin for X2. On 
the 
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basis of this information, the X2 concentrate medium was adopted for further 
study. 
1.2 Shake flask culture- nitrogen limited medium optimisation. 
A similar experiment was carried out for the nitrogen limited media series as 
carried out for the carbon limited media. The results are shown in Figure 55.0. 
Figure 55.0 The effect of increased medium concentration on the growth of 
A. orientalis in a nitrogen limited medium. 
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Media of greater than X5 strength began to accumulate high levels of 
ammonia after 50 hours and were not studied further. Nitrate limitation was 
reached in the X 1, X2, X3 strength media at 50 hours incubation but not in the 
X4 media. However, whilst the desired nitrogen limitation was reached 
carbon was also exhausted at this point indicating that in order to maintain 
nitrogen limitation additional carbon would have to be supplied. 
Vancomycin production was only recorded in the Xl and X2 strength media 
after 50 hours incubation. Titres were 75.5 and 62.15 mg/I respectively. When 
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glucose concentration was elevated to 60 g/l the required nitrogen 
limitation in the double strength medium was achieved. 
2.0 Chemostat cultivation of Amycolatopsis orientalis 
The initial configuration of the two stage chemostat is shown in Figure 56.0. 
Culture volume was maintained by means of an overflow located just level 
with the surface of the culture. Liquid level was maintained by the 
application of a vacuum to this overflow such that spent culture was drawn 
up from the surface and away to waste. Modifications to this basic set up 
are described in the text where explanations are given for changes. 
Figure 56.0. The basic configuration of the two stage chemostat. 
O IqI I 
Key: 1 Stage 1 overflow pump to waste :2 Feed to stage 1: 3 Feed from stage 1 to 
stage 2: 4 Feed pump stage 2: 5 stage two overflow pump to waste 
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2.1 Medium feed composition for two stage chemostat 
In order to maintain the appropriate concentration of nutrients in the 
second stage, the second vessel was fed with a concentrate of all the 
components of the medium. The composition of this concentrate was 
determined from substrate concentrations at the point at which nutrient 
limitation had been reached in batch culture studies. The equation used to 
calculate the relative levels of each component took the general form; 
o. s(si) +o. 2(sz) = sg 
where 0.8 is the portion of the flow rate derived from stage one and 0.2 is 
the portion of fresh feed to stage 2. S, is the concentration of substrate at 
the point of carbon limitation and S# is the desired level of the component in 
the medium. In the case of carbon limited media, this was 15.0 g/I. 
Solution of this equation for each medium component yielded the 
concentrate formulation for the second stage. The formulation of the feeds 
for the carbon limited medium are shown below in Table 24.0. 
Table 24.0 Composition of first and second stage feeds for a carbon limited two 
stage chemostat. 
Medium component 1 Stage 1 Stage 2 
Glucose 15 75 
NaNO 22.24 42.08 
KH2PO4 6.0 20.25 
K21-IP04 14.0 47.26 
Trace solution ml 20 40 
Note. It was not possible to estimate the level of trace solution utilised so arbitrarily its 
volume was doubled in the second stage feed to ensure it remained in excess. 
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2.2 Split design to second stage 
Section 2.1 outlined the distribution of feeds to the second stage such that 
80% of the required flow rate was derived from stage one and the other 20% 
from an additional feed. This 80: 20 split was adopted for all two stage 
cultures on the basis that it was the minimum ratio which. could be 
accurately maintained using the available peristaltic pumps. 
Considerations of the equations used to calculate the growth rate of the 
second stage reveal that growth rate is dependant on culture-flow rate 
from the second stage. This effect is demonstrated in the Table 25.0. The data 
are derived from experimental data in a nitrogen limited two stage 
chemostat of S. clavuligerus. 
Table 25.0 The theoretical effect of changing the proportion of the split feed to 
stage 2 of a two stage chemostat. The first and second stage biomass 
concentrations are 3.79 and 3.44 g/l respectively. 
Split F1 
(1h'1) 
F12 
(10) 
F02 
(1h4) 
V1 
(1) 
V2 
(1) 
D2 
(h-1) 
D12 
(0) 
µ 
(h4) 
0.80 0.067 0.054 0.013 1.35 1.25 0.054 0.04 0.001 
0.40 0.067 0.027 0.040 1.35 1.25 0.054 0.02 0.032 
0.20 0.067 0.013 0.054 1.35 1.25 0.054 0.01 0.043 
1.0 0.067 0.067 0.00 1.35 1.25 0.054 0.05 -0.001 
Key: Fl is flow rate in stage one 
F12 is F, multiplied by split factor 
F02 is 1 minus F12 
D2 is (F 12+F02 ) /V2 
D12 is F 12/V2 
µ is D2-( D12 x 3.79/3.44 ). 
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This theoretical analysis, based on the assumption that the some biomass 
concentration was reached irrespective of the split, showed that as the 
proportion of the split decreased the growth rate in the second stage 
increased. 
3.0 Modifications to the basic configuration 
During the two stage cultivation of A. orientalis, a number of problems were 
encountered which required modifications to the bioreactor configuration. 
These changes are summarised below. 
1. Stirrer speed 
Batch culture experiments revealed extensive problems with the growth of 
the study organism on the glass in the head space of the vessel and on the 
head plate itself. Initial batch culture studies were carried out at stirrer 
speeds of 750 r. p. m. and it was deemed necessary to maintain the high 
stirrer speeds in chemostat culture to ensure culture homogeneity and 
adequate mixing. The wall growth observed in batch culture was almost 
certainly due to splashing as the sampled vessel volume decreased and this 
also encouraged wall growth to fall back into the vessel as it sloughed off. 
The stirrer speed also affected gas hold up in the vessel which 
in turn 
introduced air into the feed line to stage two. Thus a compromise was struck 
between the stirrer speed required to maintain culture homogeneity and 
the 
position and diameter of the uptake tube ( see points 2. and 
3. ). 
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2. Diameter of uptake tube to stage 2 
Initial experiments were carried out with a wide bore uptake tube (4-5 mm 
internal diameter) to the second stage. However, whilst under conditions of 
nitrogen limitation ( where culture biomass was high at 12.0 g/I ) sufficient 
draw could be achieved by the pump due to high culture viscosity, under 
carbon limitation, where culture biomass was lower at 4.5 g/I the pump 
drew excessive volumes of air. This uptake of air affected the overall dilution 
rate of the second stage since the required flow rate per hour was not 
being reached. The development of an in line bubble trap to remove 
trapped air in the line did not solve the problem since under conditions of 
carbon limitation the culture lysed in the small volume of media required to 
maintain the line. As an alternative strategy, the diameter of the uptake tube 
was reduced to 2.0 mm internal diameter and the silicone tubing which 
formed the connection was substituted with one of 1.5 mm internal diameter. 
These changes reduced the uptake of gas to the second stage, although it 
could not be completely eliminated. 
3. Position of uptake tube 
As well as reducing the diameter of the uptake tube to reduce the effects 
of gas uptake into the second stage, the position of the tube 
in the vessel 
itself had a considerable effect. Three configurations were tested and are 
shown below in Figure 57.0. 
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Figure 57.0 The position of the uptake tube in the first stage of a two stage 
chemostat. The uptake tube provided the second stage with culture. 
arger 
)take tube 
(1)High (2) Medium (3) Low 
In the first configuration ( High ) the bottom of the uptake tube was 
positioned to fall just below the level of the surface of the culture broth. In 
the second configuration ( Medium ) the bottom of the uptake tube was 
between both sets of Rushton impellers ( spaced 65 mm apart) and in the 
third configuration ( Low ) the bottom of the uptake tube was 10 mm from 
the bottom of the vessel, but to the right of the sparger. 
Of all three configurations, the lowest position of the tube resulted in the 
least uptake of gas into the feed line to the second stage. The greatest 
amount of air was drawn into the line when the tube was placed between 
the impellers. This probably was a reflection of the turbulent nature of the 
culture fluid in this area. Vorfexing around the uppermost impeller was 
responsible for the draw of air into the line when the uptake tube was 
positioned below the surface of the liquid. 
3.1 Steady states 
Steady states were taken as being formed after four volume changes and 
when culture biomass was constant for 24 hours after this point. Both vessels 
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were allowed to come to steady state at the same time and calibrated 
overflow vessels were used to determine when four volume changes had 
been made. 
3.2 Experimental details 
Chemostat studies with A. orientalis revealed a remarkable culture instability 
under conditions of chemostat culture that were not exhibited when grown 
in batch culture. This instability was manifested by two different 
morphological forms of the organism, a short highly fragmented form and a 
longer highly clumped/branched form. Batch culture was typified by the 
short highly fragmented form whilst chemostat culture was typified by the 
highly clumped form. The possibility of selection of the clumped form in the 
chemostat cannot be ruled out. 
4.0 Batch culture 
Under batch culture conditions, vancomycin production was not supported 
in carbon limited media but under conditions of nitrogen limitation 
vancomycin was produced ( 40 mg per I ). Curiously, production of 
vancomycin in shake flask cultures of carbon limited media was 
occasionally observed, although at very low levels 
( see 1.1 ). This 
phenomenon has also been observed by other workers 
in this laboratory 
and is thought to be due to the formation of oxygen limited conditions 
in flask 
culture ( G. Dunstan, personal communication, 1995 
), possibl, induced by 
inadequate mixing. 
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5.0 Two stage chemostat culture 
A two stage chemostat was set up at a growth rate of 0.05 h-1 in the first 
stage and 0.03 h-H in the second stage using a carbon limited medium in 
order to evaluate the configuration of the chemostat vessels. In addition this 
allowed the opportunity to determine whether production of vancomycin 
could be achieved in chemostat culture and what effect if any a two stage 
system would have on product expression. The results are presented in Figure 
58.0. 
Figure 58.0 Culture biomass concentration and the production of vancomycin in 
stage one of a two stage chemostat operated at a growth rate of 0.05 h'1. 
Culture biomass concentration (g/l ) 
7ý 
6.5 
6 
5.5 
5 
4.5 
4 
1 1.2 1.4 1.6 1.8 
Volume changes after steady state 
---Biomass concentration -v-Vancomycin 
120 
110 
100 
90 
80 
70 
2 
The results for stage one show an increase in the biomass concentration 
over a period of 2 additional volume changes ( 160 hours ), indicating that a 
stable steady state had not been achieved. This phenomenon was also 
observed in the second stage where culture biomass concentration 
increased by more than 12% in a 24 hour period. 
Vancomycin (mg per 1) 
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Figure 59.0. Culture biomass concentration and the production of vancomycin in 
stage two of a two stage chemostat operated at a growth rate of 0.03 h'1. 
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Since both the vessels were operated at different dilution rates the 
increases in culture biomass cannot be attributed to the effects of growth 
rate. The production of vancomycin occurred in both stage one and stage 
two although there was no particular increase in productivity associated 
with the shift in dilution rate. The increase in culture biomass concentration 
equated to levels almost equivalent to the total amount of carbon present 
in the medium suggesting that culture biomass was being concentrated 
within the vessel. The significant variation cannot be attributed to errors in 
dry cell weight measurement, which were approximated to no more than 
5%. 
5.1 Biomass increase in stage 1 and stage 2 explanation 
The increase in culture biomass concentration was attributed to two main 
factors, one of which was a design fault in the apparatus and the other the 
ability of the organism to colonise the surfaces of the vessel. The overflow 
system ( Figure 60.0 ) used to maintain the level of liquid in the vessel was 
identified as a source concentrating biomass in the vessel. Culture fluid 
level 
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was maintained by drawing spent culture up and away from the surface of 
the culture broth. The ability of the organism to readily colonise available 
surfaces necessitated a tube of wide internal bore ( 10 mm diameter) and 
one in which the organism could not grow up and block. 
Figure 60.0. Configuration of overflow tube used to maintain constant volume in 
chemostat culture. 
Overflow 
However, despite the overflow pump being operated at maximum and the 
minimum amount of tubing being used to reduce the length the spent 
culture had to travel, a portion of the spent fluid fell back into the vessel. As 
the biomass concentration increased, this problem became more acute 
since the average hyphal size unit was increasing ( due to clumping ) and as 
such the larger components of the spent fluid were more likely to fall back 
into the vessel, despite the increase in culture viscosity. As a result the 
culture biomass continued to rise to the point at which it matched almost 
the total amount of carbon present. Batch culture studies suggested a 
maximum biomass concentration of around 4.5 g/l in this medium 
before 
carbon became limiting and thus the increases observed above 
this level 
can only be attributed to a concentration of biomass. The nature of 
the 
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system used to maintain the level may also have contributed to enriching 
the vessel with highly clumped hyphae due to its position near the surface. 
This could be due to a selective removal of the shorter less dense hyphal 
fragments which float further up the vessel being preferentially removed. 
5.2 The effect of a reduced carbon content medium on culture stability 
The high polysaccharide content of the cell wall of the organism gave it the 
ability to grow readily over the glass surface of the bioreactor ( see 
Photograph 4) and the biofilm which was generated was observed to 
slough off into the vessel, artificially increasing culture biomass concentration. 
Photograph 4. Biomass accretion on the walls of the bioreator during the continuous 
culture of A. orientalis 
.0 
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In an attempt to compensate for this problem a second, single stage 
chemostat was set up using a half strength carbon limited medium with a 
view to reducing the amount of biomass present in the culture. In addition 
the glass walls of the vessel were coated with proprietary silicone based anti- 
fouling agent ( Replicote) to reduce biofilm formation. The results are shown 
below in Figure 61.0. 
Figure 61.0. The growth of A. orientalis and production of vancomycin in a carbon 
limited chemostat operated at a growth rate of 0.05 h-1 and pH 7.0-7.20. 
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Despite a reduced carbon content medium the culture biomass 
concentration in the single stage chemostat continued to rise with 
increasing time and the results appeared to confirm the unsuitability of the 
system. Culture biomass continued to rise and ended at a level that was 
almost twice as high as the amount of carbon present in the medium. The 
silicone based coating on the vessel also failed to reduce the 
formation of 
biofilms in the vessel which provided a continuing source of additional 
biomass. 
Vancomycin (mg per 1) 
80 
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Photograph 4 shows the initial configuration of the vessels and also 
indicated the problems observed with growth of the organism on the vessel 
walls. As well as being a significant factor in contributing to the increase in 
biomass time. it could be argued that the observed production of 
vancomycin was derived from the activity of the culture in the biofilm from 
either nutrient limitation or oxygen starvation and not from the culture fluid 
itself. Recent evidence from this laboratory has shown that vancomycin 
production can be induced under conditions of oxygen limitation ( G. 
Dunstan, personal communication 1995) in liquid culture. 
5.3 Summary 
The ability of A. orientalls to colonise the surface of the bioreactor 
( Photograph 3) represented a considerable problem to forming stable 
steady states in chemostat culture. Whilst the physical configuration of the 
system itself may have been responsible for the selection of the highly 
clumped hyphal morphology it may also have contributed to the observed 
production in chemostat culture and not batch culture. 
An alternative hypothesis to explain the apparent morphological 
discrepancies between the two cultivation systems has been formulated to 
explain the reason for the branched morphological forms predominance in 
chemosfat culture. This hypothesis is shown diagrammaticaly in Figure 62.0. 
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Figure 62.0 A diagrammatic representation of a hypothesis to explain the 
occurrence of morphological variation in chemostat culture. 
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Breaks 
non viable fragmented 
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in C limitation F 
does not produce 
in C limitation F 
branched 
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limitation 
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Under chemostat culture at a growth rate of 0.07 h-1, the rate of growth of 
the culture exceeds the rate of breakage and thus the branched form 
predominates. Since the residence time is short (1 /D ) it is also possible that 
the smaller non productive fragments are selectively washed out of the 
culture due to their small size. In batch culture, where the residence time is 
large, the rate of breakage exceeds the rate of growth and the non 
productive fragmented form predominates. The system could also be 
regarded a self perpetuating if it assumed that the branched fragments, 
which form clumps more readily via hyphal entanglement, are more resistant 
to breakage induced from stirring / aeration. This hypothesis suggests that 
there is a critical factor ( chemical or physical ) which encourages the 
formation of the branched form in chemostat culture. This factor may be the 
relative size of the hyphal filaments, its morphology or some other factor 
such as the rate of protein synthesis. Alternatively, as discussed earlier it may 
be a selective enrichment of the culture due to the physical configuration of 
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the system. The production of the antibiotic itself, may also contribute to 
altering the morphological form of the culture since vancomycin is an 
inhibitor of peptidoglycan synthesis. Any alteration in the integrity of the cell 
wall would be expected to effect not only the size and morphology of the 
cell but perhaps also its permeability to the antibiotic and even its uptake 
mechanisms. 
For these reasons further studies with this organism were discontinued and 
S. clavuligerus adopted as the new model strain. The production of 
clavulanic acid by S. clavuligerus has been shown to be independent of 
morphological form ( Belmar-Beiny and Thomas, 1990) and thus this afforded 
the opportunity to determine directly the physiological aspects of its 
production. This study also demonstrated the unsuitability of the overflow 
system for this particular species of Streptomycete and all further chemostat 
and two stage cultures were carried out in bioreactors fitted with overflow 
weirs. 
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